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PENUMBUHAN GRAFENA BERLAPIS TUNGGAL PADA NIKEL
POLIHABLURAN DAN PEMANGKIN DWILOGAM NIKEL-KUPRUM DAN

KAJIAN UNTUK PENGGUNAAN SEMULA PEMANGKIN NIKEL

ABSTRAK

Grafena merupakan struktur karbon dengan ketebalan satu atom. Grafena
terdedah semua atomnya ke medium sekitar. Selepas penemuan grafena pada 2004,
ia menjadi subjek utama penyelidikan di seluruh dunia. Grafena mempunyai sifat-
sifatyang luar biasa dari segi mekanikal, optik, habaedaktrik. Sifat-sifat tersebut
menjadikan grafena berpotensi digunakan dalam pelbagai aplikasi. Pemendapan wap
kimia bermangkin (CVD) adalah saluran yang paling baik untuk menghasilkan
grafena berskala wafer, kerana teknik ini mempunyai kelebihan dalam proses
pemisahan grafena daripada pemangkin selepas CVD. Dengan bantuan penyejukan
pantas, grafena berlapis tunggal berjaya dibentuk pada foil nikel polibabluran
dibawah CVD tekanan atmosfera, dengan suhu 85@e%@nan separa metana 0.2
atm and 5 min tempoh reaksi. Tetgpafena berlapis tunggghgal didentuk dengan
menggunakan foil kuprum sahaenyejukan pantas selepas Cwi2ndorongkan
pelindapkejutan aktiviti pemangkin dan menghadkan kadar difusi karbon dalam nikel
ke permukaan nikel. Proses ini memudahkan pembengredena berlapis tunggal
berskala wafer. Untuk meningkatkan keseragamaiena berlapis tunggabatu
teknik mudah digunakan untuk menumbgrafena berlapis tunggakcara serentak
pada kedua-dua foil nikel polihabluran dan foil kuprum polihabluran, galda 950

°C, tekanan separa metana 0.2 atm and 5 min tempohi.r&lktur grafena yang
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seragam dan berkualiti tinggi dapat dibukti dengspektroskopi Raman dan
mikroskop transmisi electron resolusi tinggi. Sistem pemangkin dwilogam yang
dicadang membolehkan pengawalan difusi karbon ke permukaan dalam foil Ni dan
Cu. Khususnya, kebolehcapaian karbon dapat dikurangkan pada permukaan Ni
dalaman, manakala Cu memainkan peranan sebagai penghalang karbon. Mekanisme
pertumbuhargrafena berlapis tunggalapat dibantu denagn difusi karbon melalui
bijian Ni dan sempadan bijian Ni. Daya penggerak untuk difusi karbon datang
daripada kepekatan kecerunan karbon antara permukaan yang kaya dengan karbon
dan permukaan kurang karbon. Sempadan bijian Ni telah terbukti memainkan
peranan yang penting dalam kawalan difusi karbon semasa peringkat pertumbuhan.
Dengan bantuan penyejukan pantas, proses pelindapkejut mengurangkan jumlah
atom karbon diasing dari Ni, hanya atom karbon yang terletak berhampiran
permukaan Ni mempunyai masa yang cukup untuk mengasing dan membentuk
grafena. Sementara itu difusi atom karbon dalam tengah foil Ni telah dihalang dan
lepas itu membentulisC. NisC dikenali sebagai perlindungan yang baik terhadap
kakisan. Kehadiran NC digabungkan dengan penggunaan ferum nj@&mol/L)

sebagai bahan punar lemah semasa pemisahan grafena, toaledi digunakan
semula sehingga 6 kali tanpa menyebabkan sisihan yang besar terhadap kualiti dan
keseragamagrafena berlapis dudisC ternyata mampu untuk menghadkan kesan
punaran foil Ni. Kerja-kerja ini telah berjaya mempamerkan cara yang mudah dan

novel untuk mensintesis grafena berlapis tunggal dengan kualiti yang tinggi
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SYNTHESIS OF MONOLAYER GRAPHENE ON POLYCRYSTALLINE
NICKEL AND NICKEL-COPPER BIMETALLIC CATALYST AND STUDY

TOWARD THE REUSE OF NICKEL CATALYST
ABSTRACT

Graphene is a layer of Spybridized carbon atoms with a thickness of only
one atom, which exposed most of its atoms to the surrounding medium. Since the
discovery of graphene in 2004, it has become the main subject of research around the
world. The attractiveness of graphene is mainly attributed to its remarkable
mechanical, optical, thermal and electrical properties, enabling graphene to be
potentially used in various applications. To date, CVD is the promising method to
produce wafer-scale graphene, because it allows an easier separation of graphene
from the catalytic substrate. With the assist of fast cooling, monolayer graphene was
grown directly on polycrystalline Ni foil under atmospheric pressure CVD with
temperature of 850 °C, methane partial pressure of 0.2 atm and reaction duration of 5
min. However, monolayer graphene could not be formed on Cu under the chosen
CVD conditions. Fast cooling after CVD allowed the quenching of the activity of the
catalyst and limiting diffusion of dissolved carbon to the surface of Ni, which later
facilitate the formation of predominantly wafer scale monolayer graphene. To further
improve the uniformity of monolayer graphene, a facile technique was applied to
grow monolayer graphene simultaneously on both polycrystalline Ni and Cu foils
using a Ni-Cu bilayer catalyst at temperature of 950 °C, methane partial pressure of
0.2 atm and reaction duration of 5 min. High uniformity and quality of the crystalline
structure of the grown graphene was evidenced by Raman spectroscopy mapping and

High Resolution Transmission Electron Microscope. The straightforward bimetallic
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catalytic system allows the control of carbon diffusion to the interface of Ni and Cu.
In particular, carbon accessibility is reduced at the inner Ni surface, and Cu behaves
as a carbon barrier. The growth mechanism of monolayer graphene was facilitated by
carbon diffusion through the bulk and Ni grain boundary, the driving force coming
from concentration gradient between carbon-rich surface to carbon-lacked surface.
The grain boundaries were shown to play a crucial role in carbon control during the
growth stage. Facilitated by the applied fast cooling, the quenching process reduced
the amount of carbon atoms segregated, only the carbon atoms situated near the
surface had enough time to segregate and form graphene. Meanwhile, diffusion of
carbon atoms at the middle of the Ni foil was highly inhibited; formingCNNisC is

known to offer good protection against corrosion. The presences;Gf ddmbined

with the use of iron nitrate (0.5mol/L) as soft etchant for graphene separation, the Ni
foil could be reused again up to 6 cycles without causing a huge deviation on the
quality and the uniformity of bilayer graphene.;@liis indeed able to limit the
etching effect of the Ni foil. This work has successfully demonstrated a simple and

novel route to synthesize monolayer graphene with high quality.
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SYNTHESE DE GRAPHENE MONOCOUCHE SUR LE Ni
POLYCRISTALLIN ET SUR UN CATALYSEUR BIMETALLIQUE
Ni-Cu ET REUTILISATION DU CATALYSEUR

RESUME

Le graphéne est une couche de carbone d’'une épaisseur atomique pour laguelle
les atomes de carbone sont hybridés Bepuis sa découverte en 2004, le graphéne
devient I'un des sujets les plus importants de la recherche dans le monde.
L'attractivité du graphene est principalement attribuable a ses propriétés
remarquables : meécaniques, optiques, thermiques et électriques, permettant au
graphéne d’étre potentiellement utilisé pour diverses applications. Maintenant, le
dépdt chimique en phase vapeur (CVD) est la méthode prometteuse pour produire du
graphéne a grande échelle, car il permet une séparation facile de graphéne aprés
CVD. Avec l'aide d'un refroidissement rapide, monocouche graphene a été cultivé
directement sur polycristallin Ni feuille sous CVD sous pression atmosphérique,
durée de 5 min a 850 °C de la température, de la pression partielle du méthane de 0,2
atm. Toutefois, nous n'avons pas reussi a faire croitre du graphéne monocouche sur
le Cu dans les conditions choisies. Refroidissement rapide aprés CVD a permis a la
trempe de l'activité du catalyseur et limitant la diffusion de carbone dissous a la
surface de nickel, ce qui facilite ultérieurement la formation essentiellement échelle
graphéne monocouche. Pour améliorer I'uniformité de la monocouche graphéne, nous
proposons une technique simple pour préparer du graphéne monocouche homogéne
dont la croissance est realisée simultanément sur deux feuilles de Cu et de Ni
assemblés en bicouche métallique, a température de 950 °C, le méthane pression

partielle de 0,2 atm et la réaction durée de 5 min. La haute uniformité et qualité
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cristalline du graphene obtenu ont été mises en évidence par les caractérisations
réalisées par spectroscopie Raman et microscopie électronique a transmission haute
résolution. Le systeme catalytigue bimétallique développé permet de contrbler et de
limiter la diffusion du carbone aux surfaces internes du Ni et du Cu ; le Cu se
comportant comme une barriere vis-a-vis du carbone. La croissance de graphene
monocouche est facilitée par la diffusion des atomes de carbone a travers I'épaisseur
de la feuille de Ni et les joints de grains de Ni ; la force motrice ayant pour origine le
gradient de concentration en carbone entre les deux surfaces de la feuille de nickel.
Les joints de grains jouent en particulier un réle crucial dans le contréle de I'apport
en carbone durant la phase de croissance. La trempe réalisée a la fin de la croissance
réduit fortement et subitement la quantité d'atomes de carbone réactifs et seulement
les atomes de carbone situés au plus prés de la surface ont assez de temps pour se
séparer et former le graphéne. Pendant ce temps, la diffusion des atomes de carbone
dans I'épaisseur de la feuille de Ni est fortement inhibée. lls forment ainsg@u Ni

Le NisC est connu pour offrir une bonne protection contre la corrosion. La présence
de NsC combinée a I'utilisation du nitrate de fer (0.5 mol/L) facilite la séparation du
graphéne. Ce qui permet a la feuille de Ni d’étre réutilisée jusqu'a 6 fois sans causer
un écart significatif de la qualité et l'uniformité du graphéne bicouche formé. Le
Ni3C est en effet capable de limiter I'effet de gravure de la feuille de Ni. Ce travail a
donc démontré avec succes que le colt moyen pour synthétiser une monocouche de
graphéne de haute qualité pouvait étre réduit avec des procédés simples a mettre en

oceuvre.
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CHAPTER 1

INTRODUCTION

This chapter provides an overall introduction to the research project. A brief
definition of nanotechnology and graphene is outlined at the beginning of the chapter,
followed a section devoted to methane which is the carbon feedstock in this study.
Finally, this chapter concludes the problem statement, the objectives and scope of the

work and the thesis organization.

1.1 Nanotechnology

Nanotechnology, also known as nanotech was first inspired by the American
physicist Richard Feynman in the talkHere's Plenty of Room at the Bottoah an
American Physical Society meeting at Caltech on December 29, Feythapn
1960). The term of nanotech was evaluated by Taniguchi (1974), where “Nano-
technology mainly consists of the processing, separation, consolidation, and
deformation of materials by one atom or one molecule." In 1986 the book entitled
Engines of Creation: The Coming Era of Nanotechnole@s written by the
American engineer Eric Drexler who proposed the idea of a nanoscale "assembler”
and popularized the concept of nanotechnol@ygxler, 1986).

Nanotechnology might be specifically defined as the design, characterization,
production and application of structures, devices and systems by controlling shape
and size at nanometer scale. The term of “nano”, is a prefix that means "dwarf" in
Greek, it denotes as a billionth, while nanometer mean$ df0a meter. For
comparison, a single human hair is about 80,000 nm wide, a red blood cell is
approximately 5,000 nm wide and a water molecule is almost 0.3 nm across. Figure

1.1 presents the nanotechnology region.
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Figure 1.1 Diagram showing the nanotechnology region (Freie Universitat Berlin, 2015)

The implications of nanotechnology are now extended from medical
(artificial muscle, nanomedicine), ethical (novel weaponry and defense technologies,
pervasive surveillance), mental (drug carrier for nerve system), legal (fast and
accurate sensor of dangerous drug or explosive) and environmental applications, to
engineering, biology, chemistry, computing, materials science, military applications,
and communications. Without any doubt, nanotechnology will be the renaissance of
the 2% century.

Nanomaterial possesses various advantages. The tininess of nanomaterials
holds a larger surface area per unit volume which makes it suitable for surface
catalytic purposes. Besides, the smaller catalyst particles always possess higher
catalytic activity (Huet al, 2011). Nanotechnology also brings the transistor devices
into atomic scale and conducts the bloom of information and communication
technology (ICT) in the early of #century with miniaturized internet and

multimedia-enabled devicesBdnsor and Strickland 2011). Bioavailability was



significantly improved with the implication of nanotech with a more effective drug
delivery to the targeted area (Lawetral., 2003).

Nanotechnology is an expected future manufacturing technology and
recognized to have the potential to revolutionize a host of industries that will make
most products lighter, stronger, cleaner, less expensive and more precise. It has been
forecasted that the global nanotechnology industry will grow to reach USD 75.8
billion by 2020 (Report linker, 2015).

Through MOSTI (Ministry on Science, Technology & Innovation) and
MOHE (Ministry of Higher Education), the Malaysian government has funded up to
RM 124.3 millions in nanotechnology area under tHeMalaysia Plan (Economy
PlanningUnit, 2006). In addition, the government will set up a National Innovation
Centre and a network of Center of Innovation Excellence for allowing faster
commercialization and for the industry to provide fast feedback to the research work.
Nanotechnology has been included as one of the growth engines for the new
economic policy, as announced by the Prime Minister of Malaysia, Datuk Seri Najib

Tun Razak, on a separate occasibang 2009).

1.2 Carbon element

Carbon can be found in many different compounds, it is the sixth most
abundant element in the universe and the name "carbon" comes from Latin, carbo,
with the same meaning. Inside the carbon atom, 2 electrons are found in the 1s
orbital close to the nucleus. The next two will go into the 2s orbital. The remaining
will be in two separate 2p orbitals which have the same energy level. This
configuration can be further hybridized to thé spnfiguration (2%2px‘2py'2pZ) to
form tetrahedral coordinated carbon such as methane and diamond. Meanwhile,

certain carbon allotropes such as graphite, graphene and carbon nanotubes, the



carbon atom undergoes®dpybridization. In sp hybridization, one s-orbital and two
p-orbitals undergo hybridization, leaving another p-orbital unaffected. The remaining
p-orbital is forming the distributed pi-bonds that reside above and below each
graphite sheet. This delocalized pi system is responsible for the electrical
conductivity of graphite. In the meantime, the other electronsrmgprid orbital

form a strong covalent bond with each other and provide a magnificent mechanical

strength for those materials. Figure 1.2 shows the allotropes of carbon.
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Figure 1.2 Structures of selected allotropes of carbon. (Oganov et al., 2013)

1.3 Graphene

The discovery of buckminsterfullerene (C60) (Figure 1.2) in 1985 had led to
an entirely new branch of carbon chemistry (Kroto et al., 1985). Carbon Nanotube
(CNT) (Figure 1.2) was first observed by lijima in 1991, from direct current arching
of graphite for preparation of fullerenes using transmission electron microscopy
(TEM) (lijima, 1991).

Graphene is a thin film of carbon, purely carbon that is arranged in a

honeycomb lattice with just one single atom in thickness. It is a new allotrope of



carbon that is widely acknowledged by the researchers in year 2004 and the
discoverers of graphene won the Nobel Prize of Physics in 2010 by Professor Geim
and Professor Novoselov from Manchester University. The discovery of graphene
has materialized it from theory that has been discussed for decades. Since then,
enormous effort and resources were poured in to carry out various tests and
experiments on this material. Graphene possesses numerous magnificent properties
that are not shared by other materials and which could be applied in various
applications. The discovery of graphene had opened up a new chapter of nanocarbon
materials after CNTs. The graphene market will reach nearly USD 200 million in

2026 (Khasha, 2015).

1.4 Methane

Methane is a colorless, odorless gas with a wide distribution in nature with
chemical formula CH It has a high global warming potential of 72 as compared
with carbon dioxide with 25 (IPCC, 2007). The major source of methane comes from
natural gas reservoir underground. Alternative sources of methane including biogas
are generated by the fermentation of organic matter such manure, wastewater sludge,
municipal solid waste or biodegradable feedstock under anaerobic conditions. The
world reserve of natural gas was estimated at 6,609 trillion cubic feet in 2010 (EIA,
2010). Malaysia is a net exporter for natural gas having 2.3 trillion cubic meter of
proven natural gas reserves and rank8in@he world CIA, 2010. Raw natural gas
in Malaysia shows a relatively high composition of methane and relatively clean, due
to low hydrogen sulfide composition, a source for contaminant, sulphur oxides

(Table 1.1).



Table 1.1 Composition of raw natural ga&a6 Malaysia2011).

Hydrocarbon Formula Composition

Typical natural Malaysian natural

gas gas
Methane CH, 70-90% 92.73%
Ethane CoHe 4.07%
Propane CsHs } 0-20% 0.77%
Butane C4H1o 0.14%
Carbon dioxide Co 0-8% 1.83%
Oxygen 0)) 0-0.2% Trace
Nitrogen N> 0-5% 0.45%
Hydrogen Sulfide K5 0-5% Trace
Rare gas Ar, Ne, He, Xe Trace Trace
Other hydrocarbon Trace Trace

In the industrial sector, methane is often used as a raw material for products
such as hydrogen, fertilizer and etc. It is also commonly used as an energy source.
Now, the utilization of methane can be extended to CNTs and graphene which are
more valuable products. Methane decomposes to carbon radical and hydrogen by
using a catalyst and high temperature. The carbon decomposed form methane could
dissolve into the catalyst. During the cooling process, the threshold of carbon
solubility gets lowered, and later segregate the excess carbon to form graphene.
Meanwhile, hydrogen is a side product for the reaction. Since the reaction takes place
in inert conditions, the hydrogen produced isyCiee, which is a suitable fuel for

fuel cells and methanol production.



1.5 Problem statement

Already more than ten years, a physical graphene was first reported
experimentally by mechanical exfoliation (Novoselev al. 2004). Since then,
various methods were proposed in order to produce graphene with larger area and
higher uniformity, including reduction of graphene oxide (Zéu al, 2010),
sublimation of SiC (Silicon Carbide) (Berget al., 2004) and Chemical Vapor
Deposition (CVD). Among these techniques, sublimation of SiC and CVD are two
promising methods to produce wafer-scale graphene; and CVD especially because it
allows an easier separation of graphene from the catalyst (Allen et al. 2009b).

Ni and Cu are two most promising catalysts due to moderate and low carbon
solubility into Ni (Jacobsoet al., 2012b) and Cu (Hwargg al, 2011), respectively.

The growth mechanism of graphene on Cu is known to be surface mediated, and Cu
possesses self-limiting surface deposition which enhances the formation of
predominantly monolayer graphene. However, Cu requires strict process conditions
to grow monolayer graphene, including high vacuum conditions, a low carbon
concentration environment and a synthesis temperature near to the melting point of
Cu (Seah et al 2014). Ni rather follows a bulk-mediated graphene formation
mechanism, which unfortunately favors the formation of multilayer graphene. The
formation of monolayer graphene on Ni requires high-speed cooling after CVD or
the use a very thin Ni film as catalyst.

The two transition metals mentioned above possess their own advantages and
shortcomings respectively. In order to combine the stronghold of each transition
metal, bi- or multi-metallic catalytic systems have been designed and used for
graphene synthesis research. The combination of Ni and Cu as alloy is the most

common and most broadly reported catalyst. Cu and Ni have a very distinct



solubility of carbon under various recipes for Cu-Ni preparation, which allows a fine

control of carbon solubility properties for optimization of graphene growth. There

are 2 types of commonly used Ni-Cu combination. The first one is the direct using of
the Ni-Cu alloy. The second one consists the coating a Ni-Cu bimetallic film which

thickness is of several nm. To date, Ni-Cu bimetallic research remains at its initial
stage and the role of each metal in the growth mechanism is yet to be well
understood.

Meanwhile, graphene grown from CVD is normally firmly attached to its
original metallic foil. The properties of graphene are therefore severely degraded,
due to the strong interactions with the metallic sublayer catalyst. The monolayer
thickness of graphene is the main source of its unique properties but also the cause of
many issues. Graphene exposes the majority of its charge carriers to the surrounding
environment. It easily interacts with the supporting substrate, resulting in
inhomogeneity in charge and altering the conduction path of electrons. Furthermore,
graphene adheres firmly and adopts the surface morphology of the substrate. This
feature creates undesired strain and further scattering of electrons (Casted &leto
2009, Ishigamiet al, 2007, Geringeret al., 2009). Wet chemical etching and
mechanical exfoliation are the 2 major branches of graphene transfer processes that
have been intensively studied. Among them, wet chemical etching is the dominant
technique that is widely applied. Damages from the catalyst and contamination are
the most important disadvantages of the wet chemical etching approaches. The wet
chemical etching method is not an ideal transfer process because the loss of the metal
catalyst is unavoidable as a large scale transfer process is required. Hence a new

method is urgently required to preserve the catalyst foil during separation



In the present study, after summarizing the problems faced in monolayer
graphene synthesis, a conventional CVD followed by very rapid cooling is studied to
find the possibility to produce monolayer graphene with high uniformity in term of
thickness and crystalline. To further improve the quality and uniformity of graphene,
we demonstrate a facile technique to grow uniform monolayer graphene
simultaneously on both polycrystalline Ni and Cu foils using a Ni-Cu bilayer catalyst,
that both Ni and Cu could be separated easily after CVD process, rather than single
sheet of graphene in single CVD reported in literature. The CVD reaction was
carried out under atmospheric pressure. Lastly, a simple method is first to enable the

recycle of the Ni foil for repeated growths of graphene has been studied extensively.

1.6 Objectives

The present study has the following objectives

1. To study the suitability of polycrystalline nickel, copper foil and bilayers Ni-
Cu catalyst on methane decomposition into graphene, that uniform in number
of layers under wide range of operating parameters (reaction duration,
temperature and methane partial pressure).

2. To define the graphene formation mechanism by atmospheric pressure CVD
under different kind of catalysts studied.

3. To study the effect of graphene morphology, the type of catalyst, and
concentration of etchant toward the reuse and recycle of Ni catalyst foils

under conventional graphene separation method.

1.7 Scope of study
The present study mainly focuses on the production of graphene, particularly
monolayer graphene with the self-designed atmospheric pressure CVD reactor. The

conventionally available Ni and Cu foil with polycrystalline structure utilized in the
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first stage of graphene formation study. The aim of current stage is to identify the
most suitable condition to produce monolayer graphene with highest selectivity, and
with the aid of very fast cooling. The operating parameters studied are the CVD
temperature, CVD duration and methane/hydrogen ratio for the reaction.

The grown graphene would be separated from the Ni and Cu foil with wet
chemical etching approach, and deposited onto silicon wafer for characterization.
Point-based Raman spectroscopy is employed as the preliminary characterization
technique to identify the morphology and crystal structure perfectness of the as-
grown graphene. Later on, Raman mapping and optical microscope applied to further
identify uniformity of graphene. High Resolution Transmission Electron Microscope
(HRTEM) used to give a most direct observation on the carbon atoms arrangement at
the graphene. The effect of studied parameters for the graphene formation could be
determined through cross-checking of the data given by aforementioned
characterization techniques.

Second stage, a novel-designed bimetallic catalyst is investigated for the
improvement on the quality and uniformity of grown monolayer graphene. One of
the Ni surface is wrapped with Cu foil to create a carbon-lacked environment at the
interface of Ni and Cu. Same operating parameters, CVD temperature, CVD duration
and methane/hydrogen ratio for the reaction in CVD are varied for graphene
formation. The grown graphene separated with the same method and also gone
through same characterization technique to examine the characteristic of graphene.
lon slicer used to thin the catalyst foil and monitor the carbon distribution in the
middle of catalyst foil. X-ray Diffraction (XRD) also performed to survey the crystal
structure changing on catalyst and reaction. A mechanism of the graphene formation

by studied catalyst system derived through the data collected.
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Milder etchant, iron nitrate solution and low concentration nitric acid used to
graphene separation with aim for the reuse of catalyst foil. Graphene with different
characteristic grown from previous study, either by Cu or Ni utilized in current stage
to identify the best condition for graphene separation from respective catalyst foil
with minimum catalyst consumption. Lastly, the factor that the catalyst reuse is

identified.

1.8 Thesis organization

This thesis consists of five chapters. Chapter One (Introduction) gives an
outline of the present research, including a brief introduction of nanotechnology and
graphene, followed by a part devoted to methane. Problem statement is then defined
after reviewing the existing limitations faced in the synthesis of monolayer graphene.
Hence, a relatively new approach is designed to overcome these limitations. The
objectives of the present work are carefully set and the scope of study is given.
Finally, the organization of the thesis and the arrangement of each chapter are
described.

Chapter Two (Literature Review) summarizes the past research work related
to the area of interest for the present study and their findings. It starts with a brief
introduction of monolayer graphene, followed by the existing methods for graphene
synthesis, process variables and catalysts of CVD and their influence on the
produced graphene. Next, the transfer methods of graphene from its original
substrate to arbitrary substrate are reviewed to investigate the advantages and the
disadvantages of each method. It is followed by the current strategy to enable the
reuse and recycle of the catalyst. The chapter ended up with a summary.

Chapter Three (Materials and Methods) describes in details the experimental

materials and research methodologies for the present work. Information of all

11



materials and chemicals used are listed as well. After their principle, the conditions
used for the characterization techniques used are given.

Chapter Four (Results and Discussions) relates the results and the discussion
of the research work. Two commonly used catalysts, namely Cu and Ni, were studied
to grow graphene by atmospheric pressure. They were used separately and the
operating conditions (temperature, duration and methane partial pressure, cooling
rate) were optimized. A new approach proposing a bimetallic Ni/Cu catalytic system
is further studied. And efforts devoted to the separation process that allow to realize
the reuse and recycle of catalyst are described at the end of the chapter.

Chapter Five (Conclusions and Recommendations) summarizes the results
obtained in the present research. It includes the overall research findings and some
concluding remarks. Later on, suggestions are given to improve the present study and
future study to be conducted is proposed. These recommendations and suggestions
are given considering the significant findings, the conclusions as well as the

limitations and difficulties encountered in the present work.
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CHAPTER 2

LITERATURE REVIEW

In this chapter, the current knowledgelbstantive findings, theoretical and
methodological contribution on the synthesis of wafer-scale graphene were
summarized in 6 sections. Section 2.1 briefly introduces the graphene followed by
the properties of graphene in Section 2.2. In Section 2.3, the available methods to
synthesis graphene were reviewed; particularly CVD is further discussed in more
details. The conventional catalysts used in CVD are revised in Section 2.4.
Meanwhile, Section 2.5 reports on the approaches for graphene separation from

catalyst. Finally, a summary wraps up the whole chapter in Section 2.6.

2.1 Introduction
Graphene is an allotrope of carbon which acts as the fundamental block for

zero-dimensional fullerene, one-dimensional CNT and three-dimensional graphite.
The editors of the journal “Carbon” come out with a very clear definition as below to
avoid wrong usage of the word “graphene” (Bianco et al., 2013).
“a single-atom-thick sheet of hexagonally arranged,-sonded carbon atoms that
is not an integral part of a carbon material, but is freely suspended or adhered on a

foreign substrate. The lateral dimensions of graphene can vary from several

nanometers to the macroscale.”

Graphene only appears under spotlight after the ground breaking discovery by
Manchester University. Geim and Novoselov first reported the “scotch tape” method
for exfoliating graphene from highly ordered pyrolytic graphite (HOPG) in 2004
(Novoselovet al, 2004). They produced graphene with a perfect crystal structure, as
predefined in HOPG. This discovery had won them the Nobel Prize of Physics in

2010. Basically, graphene is a two-dimensional graphitic material. It is the
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fundamental block of zero-dimensional fullerene, one-dimensional carbon nanotube
(CNT) and three-dimensional graphite (Figure 2.1). The discovery of the exfoliation
method ignited additional interest in research on carbon nanomaterials after 1991,

when carbon nanotubes were reported by Professor Sumio lijima (lijima, 1991).

Figure 2.1 Graphene, the fundamental block of all dimensional carbon materials,
such as fullerene (green), CNT (magenta) and graphite (cyan). (Geim and Novoselov,
2007)

2.2 Properties of graphene

Graphene is an attractive material from the point of view of both science and
engineering. The rise of graphene is basically attributed to its astounding electronic
properties (Novoselowt al., 2004, Geim and Novoselov, 2007), such as the
occurrence of massless Dirac fermions due to the linearity of electron dispersion
around the Fermi level under the smallest binding energy. The electrons behave
massless; electron travel a long distance without scattering and have been clocked at
speeds about 300 times below the speed of light in vacuum, much higher than the
typical speed of electrons in semiconductors (Novoselalt., 2005, Castro Netet

al., 2009, Power and Ferreira, 2011). The electron has chirality, which is dependent
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on the direction of the electron propagation and the amplitude of the wave function
(Pirchler, 2011). Graphene also shows an anomalous integer quantum hall effect that
is seldom found in other materials; it is a special phenomenon that is only exhibited
by certain semiconductor devices at low temperature and high magnetic field (Zhang
et al., 2005). The electrons and holes can be transferred to the graphene surface and
also its underlying materials (Morozet al, 2005). The electron mobility for a free-

et with the maximum

standing monolayer of graphene exceeds 200,00tV
value recorded at 230,000 t’s® (Bolotin et al., 2008). Graphene owns
ambipolar electric field effects, where electrons and holes can be continuously tuned
as the charge carrier (Novoseletval., 2004), and its electronic properties are more
similar to a zero band gap semiconductor (Novoseabval.,, 2007). The low
resistivity of graphene is recorded at1Q.-cm at room temperature (Chenal.,

2008). Graphene is known to be one of the strongest materials on earth with a
Young's modulus of 1 Tpa (Lest al, 2008), which is ~200 times stronger than steel.
With a visible light transmittance up to 97% possessed by monolayer graphene, it is
also known as one of the best transparent conductive materiaisalL,i 2009c). The
unique properties of graphene provide potential applications as gas sensor (Schedin

et al, 2007), transistor (Liet al., 2008), solar cell (Wargf al., 2007), transparent

electrode (Kim et al., 2009) and etc.

2.3 Methods of graphene synthesis

Graphene that grown through CVD is firmly attached to the catalyst foil. The
separation of graphene from the catalyst is required so that it could be applied in
various applications. In this section, the commonly utilized techniques for graphene

separation are discussed in detail.
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2.3.1 Mechanical exfoliation

The aforementioned Manchester group first reported the “scotch tape”
method for exfoliating graphene from HOPG in 2004 (Novosetal., 2004). Their
work produced graphene with a perfect crystal structure, as predefined in HOPG. It is
a simple and straightforward approach to obtain graphene flake. It is widely utilized
in numerous reports that mainly study the intrinsic physical and chemical properties
of graphene, which highly depend on the perfectness of its crystallinity. However,
the mechanical exfoliation of HOPG is not suitable for mass production. Furthermore,
the size of the graphene produced by this method is usually on the order of
micrometres. But the quality of its structure is the best among all the known
graphene synthesis approaches (Geim and Novoselov, 2007).

Mechanical exfoliation is a slow and time consuming process to synthesize
graphene. A lot of repeated exfoliating steps required in order to obtain thin graphene
from graphite. The low production rate is the crucial weakness of mechanical
exfoliation. This is the reason why efforts are required to find alternative simpler
approaches to produce graphene of high quality and relatively large domain (Geim

and Novoselov, 2007).

2.3.2 Wet chemical exfoliation

Wet chemical exfoliation of graphene involves a modification of graphite,
nanographite or multilayer graphene in a liquid medium to weaken the interlayer
interactions and to induce the separation of the layers individually. Wet chemical
exfoliation can be simply performed through an ultrasonication treatment of graphite
using polymer-organic solventsiang and Hersam, 2010) or organic solvents (Zhu
et al., 2010) with a surface energy that matches that of graphene. This approach

produces graphene with a smaller size. Moreover, prolonged exposure to ultrasounds
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may cause structural damage to the basal plane of graphene. Graphene is often
obtained from a strong oxidation of graphite, the obtained graphene or graphene
oxide (GO) is prepared by the Hummers’ method (Hummers and Offeman, 1958) or
the Brodie, and Staudenmaier's method (Staudenmaier, 1898). High amount of
oxygen-containing groups introduced at the graphene surface makes it hydrophilic
and consequently dispersible in water as individualized graphene sheets under mild
sonication (Allenet al., 2009b). GO can be reduced in order to partly recover the
C=C double bond conjugated system (Pei and Cheng, 2012). GO can be also
exfoliated thermally. Under high temperature and inert conditions, the oxygen
partially oxidises the carbon basal plane of GO to form &t water. The provoked
sudden expansion due to the formation of, @between 2 graphene planes would
weekend the coupling of both graphene sheets, lead to exfoliate graphite into
graphene (McAllisteet al, 2007). Other volatile substances, such as (CHeet al,

2009), are also employed to insert foreign molecules in between the graphene sheets
of graphite. A thermal shock is afterwards applied to induce the exfoliation. The wet
chemical approaches have the advantage to produce graphene in large quantity
(Hernandezt al, 2008, Zhangt al, 2009b, Levchenko et.al010). However, they
produce contaminated and defected graphene for which the physical properties

(electronic for example) are undoubtedly nevertheless lessened.

2.3.3 Sublimation of SiC

There are two main methods that have been widely used to grow wafer-scale
graphene, namely: (i) the epitaxial growth of graphene from SiC and (ii) the catalytic
chemical vapour deposition (CVD) of carbon precursors. The epitaxial growth of
graphene on SiC consists of heating a SiC thin film under Ultra High Vaccum

(UHV). The hexagonat-SiC (6H-SIC and 4H-SiC) decomposes and sublimates
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from the surface while the remaining carbon atoms order themselves into graphitic
carbon (Tetlowet al, 2014). The advantage of epitaxial growth is the ability to
produce monolayer graphene in a controllable manner. The produced graphene is
cleaned because the mechanism avoids the use of any metal catalyst with a carbon
solubilisation stage (Rummaedt al., 2011). However, this method requires advances
in SIC substrate preparation and high knowledge of graphene nucleation and growth
(Robinsonet al, 2009). Since, prevention of excessive sublimation from SiC for
graphene formation is hard to control. In addition, the transfer of graphene to another
substrate is complicated. The grown graphene is indeed considered as covalently
bonded to the SiC substrate and the first layer of graphene is referred as a buffer
layer without graphene characteristics (Varcleomal, 2007). The distance between
the graphene and SiC was recorded to be as low as 2 A on the Si-terminated surface
(Varchonet al, 2007). The distance is much smaller than the interlayer spacing of
graphite (~3.3 A). When the graphene is firmly mounted on the SiC, the Fermi is
distorted to above the Dirac point, causing the graphene to behave like a weak n-type
semiconductor with a narrow band gap. Since graphene exposed all its atoms. This
behavior is a result of the upward shift in the Fermi level from the Dirac point due to
the dangling bonds on the SiC surface (Gittal., 2006). The intrinsic doping effect
may persistently influence more than one layer of graphene (&ied] 2010). The
band gap is approximately of 0.26 eV for monolayer graphene, and it decreases as
the number of graphene layers increases (&toal, 2007). However, it was also
found that the electronic properties of 10 layers graphene on SiC was similar of that
of free standing single layer graphene (Hetsal, 2008).

The strong coupling effect between graphene and SiC leads to a temperature

dependence of the conductance of graphene (@bbt 2010). The highest electron
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mobility of graphene on SiC ever recorded is 150,008Vefs™ (Tedescoet al,

2009) on a C-terminated surface, but the majority of the articles reports a mobility in
the range of 500-5000 éwi’s* under various conditions (Panchetl al, 2012,
Shishir and Ferry, 2009, Weingat al, 2010, Jobsgt al., 2010, Tzalenchuét al,

2010), which is lower than the mobility recorded for free standing graphene, i.e.
200,000 criv's™ (Bolotin etal., 2008). The charge carrier density is in the range of
10*-10" cm® The high charge density is suspected to be due to the strong
interaction of graphene with SiC, which limits its application in devices due to gating
difficulties (Chenet al, 2007). These changes in properties were only found in
graphene directly grown on SiC and not in graphene physically deposited on SiC

(Sonde et al., 2012).

2.3.4 Chemical vapour deposition

CVD is widely known to involve decomposition and reconstruction of a
carbon feedstock, either hydrocarbons or polymers, with the aid of heat and metal
catalysts. Various metals, such as Cu, Ni, Pt, Ru, and Ir, have been proven to have
the ability to catalyse the growth of graphene. The formation of graphene on majority
of transition metals through CVD follows 2 stages. The first stage is about dilution or
incorporation of carbon atoms into the metal, which is better known as dissolution.
The second stage is the subsequent formation of graphene through cooling called
segregation, the mechanism of the second stage may divert depending on the
transition metal utilized. Figure 2.2 shows the typical graphene formation by the
process using CVD. According to Blakely’s group from Cornell University (Shelton
et al., 1974), segregation of graphene from a Ni surface involves an heterogeneity of
composition that corresponds to one single phase in the phase diagram. Precipitation

on the contrary indicates a composition inhomogeneity due to a phase separation (Li
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et al., 2009b). In a later study by the same authors, they found that monolayer
graphene grew with segregation in the initial stage, followed by precipitation for
graphite formation (Eizenberg and Blakely, 1979). As shown in Figure 2.2 (a), the
hydrocarbon that chemisorbs on the metal surface (step 1) dissociates through
dehydrogenation (step 2), and the carbon adatoms dissolute and diffuse into the metal
(step 3). The chemisorption is facilitated by the empty d-shell of the transition metals,
which is ready to serve as an electron acceptor. While under stage 2, the segregation
process starts as the concentration of carbon adatoms in the bulk metal has achieved
the threshold for nucleation or during the cooling process. The cooling induces a
decrease of carbon solubility lowering the threshold. The excess of diluted carbon
adatoms diffuses to the surface (step 4), and the segregation process for graphene
formation occurs (step 5). The segregation continues until the concentration of
carbon within the metal has decreased below a threshold. Both the nucleation and
equilibrium concentrations are different under different operating conditions.

The solubility of carbon in Cu is very low. Thus, the
chemisorption/deposition or surface growth mechanism better explains the graphene
formation. The growth of graphene starts right after the hydrocarbon dissociation and
stops immediately when the supply of hydrocarbons is cut off (step 1-2 in Figure 2.2

(b)). The detailed growth mechanism for graphene will be further discussed in

Section 2.5.5.
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Figure 2.2 Sketch of graphene formation steps on (a) Ni and (b) Cu (Lostuedg
2011).
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CVD has been extensively modified to improve its performance for graphene
formation. Plasma-enhanced CVD (PECVD) is a feasible approach for large-area
graphene synthesis with enhanced growth rates at lower temperature. The lowest
temperature ever recorded for growing graphene was 24Rdla et al., 2012). In
this method, a plasma is generated through radio frequenciest (§li, 2011,
Terasawa and Saiki, 2012), magnetically enhanced arc discharges (Levehahko
2010, Volotskoveet al, 2010) or microwaves (Yamadd al, 2012, Kalitaet al,

2012). The plasma and metal coupling causes localised rapid heating of the metal
catalyst, which reduces the heating time. Moreover, plasma has the ability to remove
the native oxide layer and to ensure the uniform nucleation of graphene on the metal
substrate (Kumaet al., 2012). However, PECVD has several drawbacks including
the fact that a continuous plasma bombardment causes defects in the graphene.
Moreover, the resulting graphene has a grain size that is inversely correlated to the
intensity of the radicals, which causes a discontinuous graphene sheet with more
defects, mainly contributed by the strong destroying properties of plasmaetvabo
(2013) had reviewed that the quality of graphene is much better under high

temperature PECVD rather than low temperature PECVD.

2.3.4(a) Hydrogen

Hydrogen gas (b is a key ingredient to produce graphene. Some researchers
believe that the presence of th CVD degrades the crystallinity of graphene and
slows down the growth rate on the Cu catalyst (&aal, 2010b). Hdissociative
chemisorption is competing with the dehydrogenation of hydrocarbon by occupying
the surface active sites, inhibiting the growth of graphene, and creating defects on the
graphene (Losurdet al, 2011). It is believed to be responsible for the formation of

hydrocarbon radicals from graphene during the growth stage (&taaig 2012c).
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However, other works suggest that phays the vital double role of enhancing the
bonding of carbon to the surface and etching the surface inhibiting that way
unorganised or defective graphene edges; these edges being non favourable for
graphene growth. Vlassiow al. (2011a) found that graphene could not be grown in
the absence of HThe role of H seems to be not fully elucidated and it depends also

on the operating conditions. Under highpgdrtial pressure, Fassists the formation

of CHsradicals, which are required to grow graphene. Meanwhile, under moderate
H. partial pressure, the graphene grains formed were irregular in shape. The effect of
H. is different according to the used catalyst. The diffusivity of hydrogen atoms in Ni

is much lower than that in Cu. The fast recombination and desorption of hydrogen
allows the surface of Ni to be continuously available for hydrocarbons and radicals,
facilitating a fast in-diffusion of carbon into Ni (Losurdo et,&011). For other
transition metals such as Pty Has been reported to suppress the extension of
minority domains, leaving one millimetre-scale single-crystalline graphene as the
dominant domain, which is more difficult to etch with (Gaoet al., 2012). Other

than that, the working parameter such as temperature, carbon source and pressure are

also playing a decisive role in determining the overall outcome of as-grown graphene.

2.3.4(b) Temperature

Temperature is the main source of energy for the decomposition of carbon
precursors and for the activation of the catalyst. For a typical CVD, temperature
ranging from 800 to 1000 °C is usually employed for most of the catalysts, such as
Cu, Ni, Ru and Pt, to grow graphene sheets (Meet@h. 2013b, Regnet al., 2012,
Li et al,. 2010, Liuvet al, 2011b). The activity of Cu is one of the lowest among the
aforementioned catalysts. Cu has a filled 3d shell which leads to both low carbon

solubility and low adsorption of hydrocarbons (Memenh al., 2013b). As a
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consequence, higher temperature is required to form graphene on Cu. Redmi
(2012) reported graphene synthesis below 850 °C using Cu but the graphene sheet
contained a large amount of defects. The quality of graphene and the ability to form
monolayer graphene increase with temperaturet(ki., 2010). Higher adsorption of
hydrocarbon onto the Cu surface is responsible for denser nucleation at relatively
low temperature (Vlassiougt al., 2011b). In fact, methane could be decomposed to
form graphene at a temperature of as low as 400 °Cet(lal, 2011b). Carbon
supersaturation is less likely to occur at this temperature and low diffusion energy of
carbon atoms onto the Cu surface causing the expansion of graphene is less
significant (Rasool et al., 2011a).

According to Liuet al. (2011a), the high diffusion rate of carbon in Ni
catalyst at a temperature of 1000 °C forms multilayer graphene sheets. At 1100 °C,
the equilibrium shifts to condensed monolayer state which leads to the formation of
monolayer graphene on the Ni surface. Meanwhile, above 1150 °C, the solubility of
carbon increases exponentially, and lower coverage of graphene can be obtained.
Odahareet al. (2011) observed a similar trend but the condensed monolayer state is
obtained in that case at ~800 °C. On the other hand, at lower temperature, the
characteristics of Ni are different from those of other transition metai€. Wth a
single atom thickness was evidenced to be formed on Ni and this carbide inhibits the
growth of graphene. However, disagreement still exists about how the carbide layer
may affect the graphene formation and regarding its interaction with the grown
graphene. According to Lahimt al (2011a, 2011b), under ultra-high vacuum
condition, three different scenarios can happen. (i) At low temperature (< 460 °C), a
single layer of NiC preferentially grows on Ni(111) after exposure to hydrocarbons.

It is believed that the carbide slowly transforms into graphene. (ii) For intermediate
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temperature range (460 — 650 °C), the graphene formation follows the
segregation/precipitation mechanism. (iii) At temperature of higher than 650 °C, the
solubility of carbon increases with temperature, but still barely below 0.1 wt% at 650
°C and carbon segregates to graphene during the cooling staget @Ky 2011).
However, this theory was opposed by Jacobson et al. (2012b) who failed to observe
Ni,C. Griuneiset al. (2009) also showed that carbide is unable to transform into
graphene.

Various temperatures have been reported for graphene nucleation on Pt
catalyst (Pengpt al., 2012a). Most of the studies showed that ~1000 °C is the most
suitable temperature for growing continuous graphene €&ab, 2012, Sutteet al,
2009c, Yong and Hahn, 2011). The temperature to form high quality graphene over
Ru catalyst was found around 1000 °C (Sutteal, 2009b, Yiet al., 2007). The
studies of Zhangt al. (2009a) showed that high density and small graphene islands

were seen all over the Ru surface at low temperature (500 °C).

2.3.4(c) Carbon precursor

Hydrocarbon is the major carbon source of graphene formation. Among,
gaseous short chain hydrocarbons, such as methane and ethane are the most common
carbon precursors for the growth of graphene. In the latest studies, some researchers
found that unsaturated hydrocarbons, such as ethylene and acetylene, could also be
used as carbon precursors for the formation of graphene. It was reported that the
growth temperature is significantly reduced to ~650 °C as acetylene is used as the
carbon precursor (Nandamuei al, 2011). Furthermore, it was noted that the
decomposition temperature of ethylene is relatively low as compared to that of
methane (Yaet al, 2011). Acetylene or ethylene is easier to attach on the transition

metals due to the planar geometry. The easier hybridization eofboad with the
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empty d-shell facilitates the dissociation of the hydrocarbon for the formation of
graphene sheets (Hwaegal, 2011). On the other hand, aliphatic alcohols are easier

to be handled and stored (Guermowteal, 2011). Monolayer and poor-defected
graphene sheets were obtained with alcohol on Ni catalyst (&isddi, 2012). For

both Ni and Cu catalysts, short chain alcohols were found to form monolayer
graphene of high crystallinity (Guermouné a&., 2011, Kishiet al, 2012). A
significant breakthrough in the liquid-carbon CVD was reported, where graphene
flake was found on Cu catalyst at the growth temperature of 300 °C using benzene as
the carbon precursor (Let al, 2011lb, Choiet al.,, 2013). Other aromatic
hydrocarbons such as pyridine (Xatal., 2012), hexachlorobenzene (Gatnal.,

2012) and bianthryl (Caiet al, 2012), as well as the polycyclic aromatic
hydrocarbons such as hexabenzocoronene @aah, 2009) and corroenene (Gaii

al., 2011) required lower temperature to grow graphene. On the other hand, solid
carbon precursors such as amorphous carbon €6ah 2012), HOPG (Xtet al,

2011) and polymers such as poly(methyl methacrylate) (PMMA), high-impact
polystyrene and acrylonitrile-butadiene-styrene can form graphene in the presence of
the suitable catalyst (&t al, 2011, Suret al, 2010b, Pengt al, 2012b). Recent
results showed that food, solid waste and insect parts can also be used as the source

of carbon to grow pure graphene (Ruan et2011, Ray et al., 2012).

2.3.4(d) Pressure

Graphene growth pressure is an important parameter that is widely debated by
researchers. Atmospheric pressure CVD would allow a faster saturation of carbon on
metal catalyst, but the carbon precipitation process at the later stage is hard to control
(Lahiri et al., 2011a). The variation of pressure is giving more significant effect

when Cu serves as catalyst. The sputtered Cu film could be dewetted under low

25



pressure CVD (Swet al.,, 2011). Besides that, hydrocarbon is difficult to be
decomposed under high vacuum condition (Mieal., 2011b). The shape of the
graphene flake formed also varies depending on the applied pressure during the
graphene synthesis. The self-limiting monolayer graphene formation over Cu is only
achieved at very low pressure. Under ambient pressure, non-uniform multilayer
graphene is obtained, caused by the low mass transport rate of carboet @an
2011a). It is known that the coverage of graphene on the catalyst and the number of
graphene sheets increase with the growth pressure. It has been reported that the rate-
limiting-step for graphene formation in an atmospheric pressure CVD is the mass
transport of hydrocarbon from bulk to the surface of the catalyst. On the contrary, the
surface reaction is the rate-limiting-step in a low pressure or UHV CVD (Bhaviripudi

et al.,, 2010). Besides that, the activation energy of graphene nucleation is
significantly lower for atmospheric pressure as compared to the low pressure
conditions. It is moderately caused by the partial sublimation of Cu under high
temperature and low pressure, removal the carbon species adsorbed on the Cu

surface thus leading to lower nucleation density (Vlassiouk 2@l 3).

2.4 Catalysts

Fe, Ni and Co are known to be active metal catalysts for the synthesis of CNTs
through CVD. These transition metals have non-filled d-shells that enable them to
adsorb and interact with the hydrocarbons used as carbon sources (Sg&t#ia).
Similarly, graphene synthesis requires the same transition metal group as for CNT
synthesis. But, there is a main difference between formation graphene and CNTSs.
Large amount of dissolved carbon adatoms is needed to increase conversion yield in
the case of CNTs. Meanwhile, for graphene synthesis, optimum amount of dissolved

carbon needs to be controlled precisely to grow graphene with a minimum thickness.
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The ideal transition metals are different for both graphene and CNTs formation.
Batzill (2012) had gathered interaction properties of 11 different transition metals
with graphene (Figure 2.3) Each metal has its own mechanism for growing graphene.
The quality of the graphene grown is dependent on the ability of the transition metal
to facilitate hydrocarbon dehydrogenation and carbon segregation. The as-grown
graphene would show interaction strength and growth mechanism depending on the
used substrate. In this section, the roles of each transition metal competent for

graphene formation are reviewed in detail.
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Figure 2.3 Summary of the interaction between graphene and transition metals.
Yellow-labelled elements indicate weak interactions, and red and blue can be
attributed to strong interactions and graphene grown from bulk carbide, respectively.
“d” is the distance between graphene and metal (in scale of Angstrom), “c” indicates
the buckling and corrugation of graphene (in scale of Angstrom), ncefers to

the amount of downward shift of the Dirac point of graphene mounted on respective
transition metals'S’ or ‘M’ in the upper right corner of each element-box indicates if
graphene forms single or multiple rotational domains (Batzill, 2012).

2.4.1 Ruthenium (Ru)

Ru, which has a hexagonal closest-packed (hcp) structure, is one of the
foremost transition metals that were found to be capable to grow graphene, and the
Ru(0001) surface is the most stable because of the hcp crystal structure. Ru has a
carbon solubility of approximately 0.34 at.% at 1000 °C. Moreover, Ru always
appears in single-crystalline form after heating, and this ensures a relative flatness

and a lack of grain boundaries for growing uniform graphene (Arnoult and McLellan,
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1972). These properties make Ru one of the most widely studied transition metals for
graphene synthesis.

The well-recognised growth mechanism of graphene on a Ru(0001) surface
involves the “carpet growth mode”, which is also shared by most of the transition
metals. Hydrocarbons are dissociated and adsorbed on the Ru surface, producing a
layer of adsorbed hydrocarbon intermediates at room temperature. During the heating
stage, the hydrocarbon intermediates dehydrogenate and decompose to form carbon
clusters. These carbon clusters coalesce due to surface tension and form graphene
after reaching saturation and during cooling (Zhang.e2@09a).

The interaction between graphene and Ru is strong, which causes alterations
in the topography of the lattice steps on the Ru surface. The first layer of graphene is
believed to be covalently bonded to the Ru atoms by hybridisation of carbon 2p
orbitals with Ru d-states near the Fermi level (Suttedd, 2008).

Ru is one of the best catalysts for the epitaxial growth of graphene. It is easy
to obtain a single-crystal surface with an orientation of (0001), and the interstitial
carbon solubility can be reduced by a factor of six upon cooling. Moreover, the
segregation of carbon can form graphene with a monocrystalline domain with perfect
rotation alignment, a low defect density, and thickness control (Arnoult and
McLellan, 1972, Sutteet al, 2009a). Furthermore, the graphene grown from Ru is
mostly free of wrinkles. The number of the graphene layers can be controlled by the
growth temperature to limit the carbon solubility in Ru (€ual, 2010). However,
the downhill carpet growth mechanism of graphene on Ru that nucleates at the step
edge introduces defects in the graphene as the islands meet, especially from islands
of two different terraces (Loginowet al, 2008). The strong interaction between the

graphene and the Ru surface metal is likely to distort the high density of electron
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states around the Fermi level of graphene. It causes strong hybridisation of graphene
and Ru states, which severely affects the electronic structure of graphene (Btugger
al., 2009). To date, there is no effective method to separate graphene that has been

grown on Ru.

2.4.2 Iridium (Ir)

Ir(111) with face-centred cubic (fcc) crystal structure is capable of nucleating
graphene. Ir has a low carbon solubility, and the interaction between the Ir surface
and graphene is weaker than that between Ru surface and graphene. The growth path
of graphene on Ir is slightly different compared with the growth on Ru. Graphene
may grow in both the uphill and downhill directions across the lattice step. The main
reason for Ir to overcome the lattice step is the large distance between the graphene
plane and the Ir surface. The smallest distances between carbon atoms are 3.77 A and
3.80 A for hcp and fcc regions, respectively. Meanwhile, the largest distance
between graphene and Ir surface is 4.04 A for a top-type region, whereas the step
height is 2.2 A (N'Diayeet al., 2006). This phenomenon is attributed to the weak
interaction between graphene and Ir (Gatal, 2010). The interactions between
the two surfaces mainly involve physisorption with chemical moduldBusse et
al., 2011).

The nucleation mechanism of graphene on Ir(111) is quite similar to that of
Ru(001). The growth of graphene follows the nonlinear kinetic model. The carbon
has to first be dissolved into the Ir metal until it reaches supersaturation. According
to the simulation reported by Wait al. (2012a), compared with the terrace, the most
stable site for carbon adatom adsorption is the step edge. It is unstable for carbon
monomers to escape from the step edge to form graphene islands, and the dimers that

would escape from the step edge age @, and G; or larger, and these dimers are
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shown to serve as the nucleus for further growth. The subsequent expansion of the
graphene island requires a dimer @f ®@hich is a relatively stable form (Loginoea

al., 2009a). The nucleation preferentially occurs at the step edge because of the rapid
cluster growth at high temperature and the occupation of the preferred configuration
(Lacovig et al, 2009)

Ir is a unique transition metal that slightly distorts the electronic Dirac cone
of pristine graphene (Pletik@sket al., 2009). As mentioned earlier, Ir has a low
carbon solubility, which is useful for self-limiting the growth of graphene to a
monolayer (Corauwet al, 2008, N'Diayeet al, 2008), although bilayer graphene is
often obtained (Niet al, 2011a). Graphene grown with Ir is highly defected. Large-
scale wrinkles are formed on the graphene during cooling. Some of the wrinkles
recorded are up to 0.55 nm from the adjacent surface. The main cause is the
difference in the thermal contraction between Ir and graphene: Ir contraction is of
0.8% during cooling from 1000°C to room temperature, whereas the thermal

contraction of graphene is insignificant (Loginataal, 2009b).

2.4.3 Platinum (Pt)

The use of Pt for hydrocarbon transformation can be traced back to the last
few decades. Initially, the formation of carbon crystals on Pt was unwelcomed due to
the poisoning of the catalytic convertors in automobiles and the formation of coke in
alkane transformation. Pt(111) has a weak interaction with grapheneetGao
2011c, Politano et g12012). The reason for this weak interaction is similar to the
case of Ir, which was mentioned in an earlier section; the exposed outer electron 5d
shell can only weakly interact with theelectrons from graphene (Preobrajerski
al., 2008). However, the interaction becomes stronger if a vacancy is introduced to

graphene (Ugedat al, 2011). The fact that binding between graphene and the Pt
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surface is weak allows graphene with random orientations to be present on the Pt
surface (Sutteret al., 2009c), and 22 different Moiré superstructures have been
reported (Merincet al, 2011). Some researchers have categorised Pt into the same
group as Cu in terms of the chemisorption/deposition growth mechanism due to the
self-limiting growth mechanism and the epitaxial growth mechanism observed for
bilayer graphene, which are similar to those seen for Cu (Nilsson €0aP, Kang

et al, 2009).

Graphene can be fairly easily nucleated on Pt with various crystal facets, and
the results vary under different operating conditions. The common Pt(111), Pt(110),
Pt(100), and Pt(311) are able to grow graphene at ambient pressure CVD. Among
these, Pt(111) is the most suitable for growing high-quality graphene, followed by
Pt(110) and Pt(100) (Gao et al., 2011d). A large and continuous graphene has also
been reported on Pt(100) (Nilsson et 2D12). Pt(311) only produces low-continuity
graphene, which is attributed to the large lattice mismatch égab, 2011d). The
work of Gaoet al. showed that a millimetre-scale graphene could be formed even
though a polycrystalline Pt surface was used (&aal., 2012). Moreover, multi-
crystalline graphene was reported to form on single-crystal Pt(111), and this occurred
on the preferential decomposition of the grain boundaries with surface contamination.

Graphene shows both uphill and downhill directions of growth on Pt; the
downhill growth is much faster, and the growth mechanism is the carpet mode like
Ru and Ir (Sutteret al, 2009c). Graphene has been observed to follow a step—
mediated growth with surface restructuring, in which graphene preferably nucleates
from the steps of the lattice (Peagal, 2012a). Carbon atoms are mostly adsorbed
at the fcc hollow sites of Pt films (Vifies al., 2009). From the calculation by Vifies

et al., adsorbed carbon atoms above 0.3 ML would induce aggregatesuad G
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species (Vifieset al, 2009). These carbon species will form graphene later.
Meanwhile, the effect of graphene activity on the Pt surface remains uncertain. The
observation of Fujitat al. showed that the graphene islands were hexagonal in shape
and that they could induce Pt atom rearrangement of the lower terrace €Fajita

2005). Meanwhile, Lanét al. reported a different finding in which irregular-shaped
graphene islands were obtained and the upper lattice terrace was etched by the island
during the graphene growth (Land et al., 1992).

Large area graphene grown on Pt also possesses wrinkles. The wrinkles can
be attributed to the thermal contraction of Pt after cooling and the decrease in carbon
density inside the metal after the depletion of the reservoir to form graphene (Sutter
et al., 2009c). However, the low solubility of carbon is the main reason for the high
selectivity of Pt towards monolayer graphene formation. The growth of a large-scale
bilayer graphene film can be realised using a thicker Pt film with a single-crystal

grain structure (Yong and Hahn, 2011).

2.4.4 Nickel (Ni)

Ni is one of the most widely studied catalysts for the synthesis of graphene.
The theory of nucleation on the Ni surface and the atomistic mechanism are still
highly debated. The high solubility of carbon enables single-crystalline Ni(111) and
polycrystalline Ni to form graphene. Polycrystalline Ni is composed with many
crystallites that not uniform in size and shape. The solubility of carbon in Ni was
recorded at 0.9 at.% at 900 °C ftial, 2009b). There is a significant hybridisation
between thet orbitals and Ni g, which provides strong chemisorption between
them, but at the same time, weak physisorption also exists at the hollow-site carbon
p; orbitals, where the hybridisation is lacking (Mittendoré¢ral., 2011). The lattice

mismatch for Ni(111) is small, and no Moiré pattern can be observed (kalait|
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2011a). However, there are other observations showing that a Moiré superstructure
could be observed on both Ni(111) and Ni(110) (Musdtal, 2010, Fedorovteal.,

2011). The spacing between Ni atoms in the bulk phase is 2.49 A, whereas the in-
plane lattice parameter of graphite is 2.46 A; the lattice mismatch is approximately
1% (Chenget al, 2011a). This would lead to epitactic growth with minimum
additional strain induced in the graphene and would facilitate the growth of graphene
on the Ni(111) surface (Mittendorfet al, 2011).

The high performance of Ni has caused researchers to use Ni(111l) as a
substrate for calculation of the atomistic mechanism involved in carbon adatoms
forming graphene using different types of software. By using Density Functional
Theory (DFT), it was proposed that the carbon adatoms are the first to form the chain
cluster. It was found that the terminal atoms have a stronger interaction with the
surface due to the local minima of the adsorption energy possessed by the chain
cluster of carbons. Meanwhile, carbons in a single ring cluster cannot adhere to the
Ni surface while maintaining their optimal gas-phase configurations and fulfil the
constraints due to the epitaxial relationships (Chenh@l, 2011a). Moreover, a
single, small, six-member ring (MR) cluster is always found to be not stable on
transition metal terraces (Gao al, 2011b, Gao et al., 2011a, Cheng et al., 2011a).
The carbon chain cluster diffuses in the <110> direction of Ni(111). At the step edge,
the ring cluster is more stable due to the enhanced activity of the metal step edge, and
the aromatisation would occur there (Gatoal, 2011a). The transformation of the
carbon chain into a hexagon ring would dissipate chemical potential energy, and this
process is utilised for nucleation. The nucleation occurs mainly on the step edge,
whereas nucleation at the terrace becomes significant at relatively high temperatures

(>1000 °C) and on a flat surface, which is caused by the lower barrier energgt(Gao
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al., 2011a). The finding is different when molecular dynamics (MD) or quantum
chemical MD is carried out. The nucleation of graphene can be started with the
aggregation of carbon on a plain transition metal surface under a high concentration
of carbon. The initial nucleated graphitic structure is in a multi-MR, and the defect
healing that occurs under high-temperature annealing increases the portion of six-
MR carbon. Further healing and extension of the graphene island is completed by
adding carbon adatoms rather than carbon clusters (Bteslg 2012), as simulated

by DFT. Wang et al(2011a) claimed that Haeckelite structures are preferentially
nucleated first and later healed by the Ni(111) surface to form graphene. During
healing, the role of Ni is to provide rapid stabilisation for the system. The Ni atoms
partially move out of the surface to stabilise the dangtidgpnds during healing
(Wang et al, 2011a, Jacobsoet al, 2012a). The Ni-C bonds keep breaking and
reforming at the defect area for healing (Karetiial, 2010). All the simulation
results show that the pentagon and heptagon ring or Stone-Wales (SW) defects are
rarely healed due to their energetic stability. The healing effect and mechanism have
been verified by experimental investigations (Jacobson,2Gl2a).

Readily available polycrystalline Ni foil is always used to grow large-area
graphene films. However, the graphene grown from polycrystalline Ni is found to
have various thicknesses and numbers of layers (Zbamrd, 2010, Rein&t al.,
2008a, Takahastet al, 2012) (Figure 2.4). Polycrystalline Ni with a large number
of grain boundaries contains a high density of lattice steps. Most of the multilayer
graphene nucleates at these lattice steps (Ratiah, 2008a). This is because the
curvature of the grain edge allows the accumulation of carbon at these sites for
multilayer graphene nucleation, as shown in Figure 2.4(b). Meanwhile, the smooth

surface of single-crystal Ni(111) enhances the monolayer graphene nucleation
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(Zhanget al,, 2010) (Figure 2.4(a)). The graphene formation temperature is different
on different surfaces, and the lowest is found on (001). The grown graphene was
observed to dissolve back into Ni at 850 °C, whereas this is the ideal temperature for
other surfaces to nucleate graphene (Takahetshl, 2012). Ni(001) has a strong
binding energy with graphene because each carbon atom is in contact with four Ni
atoms. The strong Ni-C interaction would cause a repulsive interaction within the C-

C interaction and also dissolution at the edge of graphene (Takahashi et al., 2012).
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Figure 2.4 Graphene formation on (a) a single-crystal Ni(111) surface and (b) a
polycrystalline Ni surface (Zhargg al, 2010).

Multilayer graphene is always formed on polycrystalline Ni, which is
attributable to its high solubility of carbon. Various methods are investigated to limit
the graphene to monolayers and bilayers. These methods include controlling the
carbon concentration in CVD and increasing the cooling rate after CVD. A high
cooling rate is known to restrict excess of carbon precipitation because carbon atoms
have insufficient time to diffuse (Odahagaal., 2012). However, when the carbon
feedstock is low, a fast cooling rate causes little graphene coverage on the Ni surface
(Reinaet al, 2009). The solubility of carbon in Ni can be reduced by lowering the
growth temperature to approximately 550 °C to self-limit graphene segregation, but a
too low temperature induces competing formation of nickel carbide (Adtail,

2012). The surface of polycrystalline Ni can be polished by using a longer annealing
time before the CVD reaction to induce the surface transformation that favours the

formation of Ni(111) with fewer grain boundaries, thus inhibiting the multilayer
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graphene nucleation in the later CVD step (Zhahal.,, 2010). The flatness of
terraces can also be improved by using a better buffer layer, such as MgO deposited
at low temperatures. A smooth Ni(111) surface can be formed by subsequent Ni
deposition (lwasakiet al, 2011). The high carbon solubility and high carbon
diffusion rate in Ni can also be utilised to control the number of graphene layers
formed. The dissolved carbon may diffuse through the Ni film, ultimately forming
bilayer graphene in the middle of the Si substrate and the Ni film @ealg2012b).

Xu et al. (2011) directly deposited a Ni film on HOPG to synthesise monolayer
graphene by carbon diffusion through the Ni film.

Graphene that grows on Ni is bounded matchless on Ni; fewer grain
boundary defects can be observed on graphene when two islands coalesce due to the
strong healing ability of Ni. The in-plane lattice constant for graphene expands by
1.2% from bulk graphite to match that of the Ni(111) substrate at room temperature.
In contrast, Ni contracts 1% from 827 °C to room temperature, the thermal stress is
reduced, and graphene free of wrinkles is obtained (Odahala 2011). As-grown
graphene on Ni always consists of small individual graphene domains with different
thicknesses, regardless of whether single-crystal or polycrystalline Ni is used, which
is mainly caused by the large solubility of carbon in Ni (Swdteal, 2010). Research
involving Ni catalysts still remains in the preliminary stage, and precise control over

graphene formation has yet to be achieved.

2.4.5 Copper (Cu)

The discovery of the ability of Cu to be used for graphene synthesis came
later compared with other catalysts. As discussed in section 2.3, the nucleation and
extension mechanism of graphene catalysed by Cu is quite different; a surface

growth approach has been proposed. The solubility of carbon in Cu bulk is very low,
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it can be concluded to be a purely surface-based processe{Sy 2012). In
addition, the diffusion barrier of carbon atoms on Cu is also low (Yazyev and
Pasquarello, 2008), which gives to Cu a different catalytic role compared with other
transition metals. The Ruoff research group published several articles about
alternating the exposure BiCH,; and**CH, isotopes to copper foil (Lét al, 2010,

Li et al, 2011a, Li eal., 2009b). The authors clearly showed that the growth front of
graphene could be delineated by the boundaries between the dom&i@s afid
3c-based graphene (Figure 2.5). The observation made by Ruoff indicates that the
growth of graphene on Cu is surface mediated and diffusion of carbon into the Cu
bulk is highly limited. Generally, the formation of graphene is initiated by nucleation

at the initial instant of carbon precursor exposure, and the number of islands
increases with exposure time to the carbon precursor. The carbon adatoms are found
to interact mainly with free-electron-like surface states in Cu, leading to a weak
surface diffusion barrier on the Cu surface (Ceeal., 2010). The islands grow with

time, whereas some of the islands may coalesce with other islands if the temperature
is high (Kimet al, 2012b, Hwanget al, 2011). The unique growth mechanism of
graphene on Cu has enabled it to be self-limiting during graphene formation on Cu,
thus yielding predominantly to monolayer graphene with excellent quality (Li et al.,

2009a).

Figure 2.5 lllustration of the surface growth mechanism on Cu. Black particles
indicate 1*C isotope, red particles indicatéC isotope and white particle indicates
hydrogen (Li et al 2009b).

The graphene islands tend to have an ordered shape, such as a hexagonal
shape with 120° corners (Mt al., 2011, Luceet al, 2011, Faret al., 2011, Shutel.,
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2012, Robertson and Warner, 2011, ¥wal, 2011a) (Figure 2.6 (a)), a flower-like
shape with four or six lobes (Figure 2.6(b)), or a dendrite shape (Figure 2.6(c)). The
hexagonal shape of graphene islands formed by the zigzag edge is preferred in
graphene grown on polycrystalline Cu (¥ual, 2011). The low diffusion barrier of
carbon on the Cu surface enables the carbon monomer to attach to the graphene
islands on its own, which is different from the carbon cluster attachment on graphene
for Ru and Ir. The DFT calculation by Luet al. (2011) showed that the carbon
monomer attachment to the armchair edges is energetically favourable. The graphene
grows following the mechanism converting armchair edges to zigzag edges and
maintain the growth of zigzag edges afterwards. In addition, the armchair-like edges
are intended to be passivated by Cu atoms, and the passivation lowers the barrier for
carbon atoms attaching to the graphene edge. This behaviour leads to the very fast
growth of the armchair edge, and it gradually disappears, whereas the more inert
zigzag edge grows slowly but dominates the growing graphene islandet(8hu

2012). These mechanisms are only feasible under low-carbon-source conditions. The
temperature must be high enough to support the molecular activity, or a dendritic
domain will be obtained. If the growth duration is increased, the six corners of the
hexagonal graphene islands protrude to become six-petal flower-like shapet (Fan

al., 2011).

(a)

2um N A : it
Figure 2.6 SEM images of graphene with (a) a hexagonal shape (Robertson and
Warner, 2011), (b) a four-lobed flower shape étial, 2010), and (c) a dendrite
shape (Fan et al2011).
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The CVD mechanism regarding Cu under low-pressure conditions would also
start with the nucleation of a large number of domains but with four-lobed flower-
like (Hwanget al, 2011, Liet al, 2010, Woffordet al, 2010, Rasocét al, 2011b)
(Figure 2.6(b)) or six-lobed flower-like (Let al, 201la, Zhanget al., 2012d)
structures across the Cu surface. The understanding of the actual formation
mechanism of those structures remains weak. There are several explanations
proposed. First, the behaviour is attributed to the underlying Cu substrate: either
mobile carbon atoms on the surface or those carried by Cu atoms may diffuse along
one of the four equivalent lattice axes of the substrate and extend the growth along
one of the directions (Rasoel al, 2011b). Wofford et al. believe the graphene
islands undergo complex nucleation and simultaneously seed a graphene island with
multiple orientations. The growth is faster at the four corners, which forms the four-
lobed shape (Wofforat al, 2010). Full coverage of Cu surface with monolayer
graphene can be obtained through proper control of the operating parameters, such as
carbon precursor feed rate, temperature, pressure, and hydrogen ratio éZhang
2012d, Li et al, 2010).

Graphene can be nucleated on various crystal facets of Cu, including Cu(310),
Cu(410), Cu(411), Cu(433), Cu(632), Cu(100), and Cu(111) (Waoal, 2011).
However, only Cu(100) and Cu(111) can outclass other facets. The graphene formed
on Cu(001) is polycrystalline (Rasoel al., 2011b). Carbon diffusion is slower on
Cu(100) and may cause carbon stacking to form multilayer graphene (@Vabd
2011). However, a continuous graphene can be obtained through proper
manipulation of the process parameters (Ogeinagl, 2012). Tao et al. pre-annealed
a Cu(111) film to form a continuous graphene with the help of a co-catalyst,

hydrogen (Taoet al, 2012). The performance of Cu(11ll) is better than that of
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Cu(001) in the formation of monolayer graphene with a single domain (Cejaala

2012, Woodet al., 2011, Ishiharaet al, 2011). The higher binding energy of
graphene on Cu(111) ensures the graphene to be in the most energetically stable state
on Cu(11l1) to prevent other orientations and grain defectsefSdli, 2012). The
presence of different graphene orientations on Cu(100) would cause defects at the
graphene grain boundaries when graphene islands meet and grow (Zha204t13l

Zhao et al. also found that the graphene on Cu(111) has a hexagonal superstructure,
whereas the superstructure is linear on Cu(100) and it is not uniform €2t

2011). In contrast, four different graphene variations can be found on a single
graphene island nucleated at the same site on Cu(100) due to surface imperfections
that induce complex heterogeneous nucleation events (Wo#obrdl, 2010).
Meanwhile, the triangular Cu(111) crystal has a greater similarity with the hexagonal
graphene lattice in terms of crystallographic geometry and a lower energy barrier for
nucleation that results from a smaller lattice mismatch (Hu.e2@12b). Wuet al.

(2011b) made a different observation, in which the graphene formed equally on the
Cu surfaces with any crystal lattice; Cu(111) forming rectangle graphene islands
instead of the hexagonal graphene islands normally found. The small and different
graphene orientation on Cu(11l) was also found by @&@a@l. (2010a). The
formation of a different graphene orientation on Cu(l1l1ll) is generated by
misalignment during the growth across the step edges. However, the problem of
multiple orientations can be reduced by using higher growth temperature and
smoother Cu surfaces either in high-vacuum or atmospheric-pressure CVBt(Nie

al., 2011b, Huet al, 2012a). As reported by Walter et al. (2011), the multiple
orientation of domains could be found on both Cu(111) and Cu(100) surfaces when

relatively low temperature (850-900°C) was used for graphene growth.
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Polycrystalline Cu foil is the preferred catalyst because it is easy to obtain at
lower cost compared with single-crystal Cu surfaces. In addition, Cu substrate would
end up with scarification from graphene separation. Furthermore, the single-crystal
Cu requires a longer exposure to harsh chemicals to fully etch it away, which
damages the graphene sheet (Reeldgl, 2011). Various observations have been
reported on graphene grown from polycrystalline Cu substrates. Both single-crystal
graphene (Wu et al 2011a, Radhakrishnan et.,aR011) and polycrystalline
graphene (Liuet al, 2011c, Woffordet al, 2010, Nieet al., 2011b) have been
reported to be formed on polycrystalline Cu. Polycrystalline Cu contains the largest
number of atomic steps and grain boundaries, and these sites always have higher
chemical activation energy for hydrocarbon decomposition and serve as the sites for
graphene nucleation (Liet al, 2011c, Woffordet al., 2010, Liet al, 2010). It has
also been reported that the nucleation of graphene is a random event éRegmi
2012). Although low-pressure CVD and similar operating conditions were used,
many articles reported that the grain size of Cu has no effect on the grain size of the
graphene formed (Terasawa and Saiki, 2012, Hveard;, 2011). Wooet al. (2011)
reported that graphene can be nucleated on any crystal facet of polycrystalline Cu,
but only the Cu(111) surface promotes fast monolayer graphene growth with fewer
defects. The graphene grown from Cu(111) will spill over to other facets and may
cover the existing graphene island on the other facets, thus forming graphene with
non-uniform layers. Under prolonged growth with the assistance of plasma, the
graphene would be lifted up to form graphene nanowalls (Kwhat, 2012). The
defects at the grain boundary have also been reported to serve as a channel for
diffusion of carbon adatoms to the non-exposed bottom surface of Cu, thus forming

graphene at both surfaces (Su et2011).
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Although it has been believed that Cu possesses the ability to form
predominantly monolayer graphene, some researchers have started to question this
ability of Cu, especially under atmospheric-pressure CVD. Bhavirigudl. (2010)
found that monolayer graphene could only be grown under atmospheric pressure
with methane on the ppm scale, and the general crystallinity of graphene is also poor
due to the low mass transport rate of the carbon source. The formation of multilayer
graphene is induced by the high level of precursor saturation due to excess supply of
the carbon source (Robertson and Warner, 2011). It is believed that the projected
density of states (PDOS) of the underlying Cu may penetrate through the graphene.
The PDOS would dissociate the carbon precursor above the graphene sheet which
causes formation of subsequent graphene layers giealn, 2011). Moreover, the
boundaries of grains and the impurities that lie on graphene can provide nucleation
sites for additional layers of graphene (Yaral, 2011a), and it is believed that the
subsequent graphene layer grows on top of the first layer (Katbat, 2012).
Zhanget al. (2012a) demonstrated a different view in which a C-Cu alloy exists
during the whole graphene formation process. The authors proposed a new
mechanism in which the carbon atoms adsorb on the Cu surface first and form a C-
Cu alloy. This alloy provides the carbon source for graphene extension. The carbon
rich C-Cu alloy may also provide a carbon source for the subsequent layer.

The study of the synthesis of graphene on Cu has flourished since the first
report by Liet al. (2009a). However, the understanding of the kinetics and the
mechanisms of graphene formation is still lacking. There are many mysteries yet to
discover and many theories waiting to be verified. Cu has been proven to outperform
other metals, such as Ru, Ir, and Pt, in terms of cost-effective graphene growth.

However, there are also drawbacks to the use of Cu, such as the appearance of

42



wrinkles on the graphene and structural defects at the joints of graphene islands due
to different crystallinities. Pentagon or heptagon carbon rings do always appear

which may limit the application of graphene in the field of electronics.

2.4.6 Nickel-Copper Bicatalyst (Ni-Cu)

The combination of Ni and Cu is the most common and most broadly
reported bimetallic catalyst in graphene synthesis. Cu and Ni have a very distinct
solubility of carbon under various recipes of Cu-Ni, which allows the management of
carbon solubility for optimization of graphene growth.

There are 2 types of common Ni-Cu combination, first, the direct using of a
Ni-Cu alloy or bilayer bimetallic film with thickness in nanoscale. The nanoscale
metal is expected to be partially molten under high temperature annealing. Both Ni
and Cu atoms could diffuse into each other due the high miscibility between these
two metals. The control of graphene to monolayer becomes much easier by using
lower growth temperature, faster cooling rate and Ni-Cu catalyst with smaller
content of Ni (Cheret al, 2011, Liuet al., 2011d, Liacet al, 2013). Meanwhile, if
the growth temperature is not high enough, presence of nickel carbide would break
up the Ni with surrounding metal, forming nanoparticles and subsequently induces
nucleation of CNTs (Memon et al., 2013a). But for full coverage, higher temperature
and slower cooling rate are required. The purely surface mediated growth mechanism
of Cu is broken with addition of Ni, even with 5.5% of Ni (Wu et aD12b, Liuet
al., 2011d). A small amount of Ni can be used to enhance the self-limiting ability of
Cu to precisely control the graphene layer formation (GHeal, 2011). However,
an alloy with a large amount of Ni is not different than pure Ni. Besides that, the
different lattice structure shows a very distinct variation on the energy barrier on the

dehydrogenation. Cu/Ni(111) shows a much higher dehydrogenation energy barrier,
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while that of the Cu/Ni(100) is about 40-60% lower (Ywsnal, 2013). Another
type is the separated bilayer Ni-Cu alloy. This bilayer catalyst is more likely
operating separately to grow graphene. It composes a composite substrate with C-
dissolving (Ni) layer and a C-rejecting (Cu) layer; Cu playing the role of inhibiting
the amount of diluted carbon atoms (Wan et2012).

The role of each element in the alloy of Ni-Cu is yet to be well understood. In
conclusion, each catalyst has its own advantages and disadvantages. Table 2.1

summarizes the properties of 5 major known catalysts to wrap-up this section.

2.5 Transfer of graphene

Graphene grown using the CVD method is normally bounded firmly on the
substrate, such as transition metals, due to the strong graphene-substrate interaction.
The removal of graphene from its substrate is always difficult. Currently, monolayer
graphene produced in laboratories contains a certain amount of defects. These
defects make the graphene brittle and can be easily torn or broken under physical
stress. To unnecessary defects such as surface folding or breaking during the transfer
process and impurities (Sw al, 2011), various graphene transfer technigques have
been developed. This section reviews the up-to-date techniques for graphene transfer,

including mechanical exfoliation and wet chemical etching.

2.5.1 Mechanical exfoliation

The famous mechanical exfoliation method was first reported by Novoselov
et al. using a scotch tape to exfoliate HOPG (Novosetoal, 2004). Mechanical
exfoliation is a straightforward transfer process and a popular approach for wafer-
scale graphene separation from its initial substrate. This method was more practical

to be applied for the transfer of graphene that was grown using SiC sublimation.
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Table 2.1General properties of transition metals mainly used to catalyse graphene growth.

Transition Growth Mechanism Carbon Active crystal facet Spacing between
Metals solubility at graphene to transition
~1000 °C metals
Ru Bulk-mediated growth, 0.34 at.% Ru(0001) 1.45-2.20 A (Suttet
carpet growth mode (Arnoult and al., 2008)
McLellan, 1972)
Ir Bulk-mediated growth, 0.041 at.% Ir(111) 3.77-4.04 A (N'Diayet
carpet growth mode (Arnoult and al., 2006)
McLellan, 1972)
Pt Still in debate either  ~ 3.1x 10" - Pt(111) ( the best 3.23-3.67 A (Vaniret
bulk-mediated growth 0.0043 at.% performance), Pt(110), al., 2010)
or surface-mediated (Kanget al, Pt(100), Pt(311),
growth 2009, Silleret
al., 1968,
Selmaret al,
1970)
Ni Bulk-mediated growth ~ ~0.6-0.9 at.% All facets are active.  2.46-2.49 A (Chengt
(2002, Lietal,  Ni(111) with the best al., 2011a)
2009b) performance
Cu surface-mediated ~7.4x 10" - All facets are active , 3.26-3.70 A (Adamska
growth 0.008 at.% Cu(100) and Cu(111) etal, 2012, Giovannetti
(Matteviet al, with the best et al, 2008)
2011, 2002, performance

Bhaviripudiet
al., 2010, Lopez
and Mittemeijer,
2004)
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Mechanical exfoliation requires the use of an adhesive agent, such as a polymer
or tape to provide an adhesion force that is stronger than the interaction force between
the graphene and the metal catalyst or SiC. Early mechanical exfoliation of graphene
from SiC involved the coating of the supporting metal. Au with thickness of ~100 nm
was first coated onto graphene using physical vapor deposition, followed by coating
another layer of liquid polyimide (PI) through spin coating, where Pl serves as the
mechanical support for the Au/graphene film during the transfer process. The PI film is
next cured through annealing for drying. The PI film forms a better contact with Au. The
Pl/Au/graphene is ready for peeling (Unarunetaal, 2009). However, due to the lower
adhesion force of Au, holes and wrinkles are normally found in the transferred graphene.
The authors replaced Au by Pd in a later report, and the number of defects in graphene
was significantly reduced (Unarunott al, 2010). The advantage of this approach is
the effectiveness of the transfer. Separation of monolayer graphene from few-layer
graphene sample can be also realized. However, removal of metal and PI film involves
some tedious processes. For example, reactive ion etching is required for Pl removal.
Additionally, wet chemical etching is required to remove the metallic film (Unarunotai
et al, 2009).

The adhesive force between graphene and Cu is weaker than that of graphene on
SiC. PolydimethylsiloxandPDMS) is a common polymer used for stamp printang)
now it has been developed for physical exfoliation of graphene. A simple PDMS film
can be used as adhesive tape to peel off the graphene(l&im2012a). In this method,
liquid PDMS is directly coated onto the graphene/catalyst sample. After the polymer is
dried and hardened, the PDMS/catalyst film is ready for peeling to separate the graphene

from the metal substrate. The number of graphene layers to be peeled off can be

46



controlled by adjusting the ratio of PDMS to the curing agent. PDMS has been utilized

by researchers to exfoliate graphene from HOPG or in the transfer printing of patterned
graphene (Alleret al., 2009a). However, the PDMS stamp transfer method works only if

the adhesion energy between graphene and the desired substrate is strong enough. The
PDMS stamp transfer is only useful for transferring graphene to flat and hydrophilic
substrates, and cracks easily form during the transfer processe{Ghoi2013).

To simplify the entire transfer process, thermal release tape (TRT) has been
applied as support for graphene during peeling. TRT is a special type of adhesive tape
that loses its tackiness and fully releases the adhered object when it is heated to a certain
temperature. The adhesion energy between graphene and Cu was measured
experimentally to be around 0.51 Fm 0.72 J.rif, the TRT should have adhesion
energy high enough for graphene pealing from Cu (Yebml, 2012, Lahiri et al.,
2011b). The TRT is first attached directly onto the graphene grown on the transition
metal. The graphene and TRT are pressed under vacuum to remove any air trapped
between the TRT and the graphene and later peeled off directly to separate the graphene
from the SiC or metal catalyst (Caldwell al, 2010). Meanwhile, for the release of
graphene, the TRT/graphene film is simply pressed to the desired substrate, such as
silicon or glass, followed by a heating treatment at ~120 °C to eliminate the adhesion
strength of the TRT. The adhesion energy between graphene and silicon was reported to
be 0.45 J.M(Yoonet al., 2012), thus heating is required to reduce the adhesion between
TRT and graphene. Roll-to-roll hot pressing and direct hot pressing methods have been
demonstrated to improve the strain distribution between the TRT/graphene film and the
arbitrary substrate to increase the contact (Kengl., 2012). This is leading to less

deformation of the graphene structure and shape. The residue of the tape, such as glue,
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can be cleaned using acetone or other common organic solventet(bake 2010a).
Subsequent wet chemical etching is necessary for the removal of the metal film if the
graphene is grown on nanoscale catalyst film on silicon. The catalyst is normally peels
off together along with graphene (Letal., 2010b).

Additional adhesion metals, such as gold, have been coated on graphene before
exfoliation using TRT, and this method avoids exposing graphene to glue é5ahg
2009). Meanwhile, the combination of TRT with thin metal films was reported to be
able to predominantly exfoliate monolayer graphene through a 2-steps exfoliation.
Graphene grown on SiC is coated with a thin layer of Ni and peeled off from SiC using
TRT (Kim et al, 2013a). Ni is calculated to have an adhesion energy about 347 J.m
(Lahiri et al, 2011b). It is strong enough for the peeling of graphene from SiC.
However, the strong adhesion energy between Ni and graphene has made it almost
impossible with a direct peel off without introducing excessive defects on graphene. The
work of Chen et al(2014) using a commercial laminating film that was made by laying
a thin poly(ethylene co-vinyl acetate) (EVA) film onto a flexible polyethylene
terephthalate (PET) substrate for separation. The separated graphene from Ni foil was
broken into pieces and failed to be maintained as a whole piece of wafer scale graphene.

Recently, the utilization of bubbles generated through electrolysis process to
delaminate  graphene  from  catalyst has been demonstrated. The
PMMA/graphene/catalyst/support can be immersed into an electrolyte. Electric current
was then conducted into the catalyst to generate hydrogen bubbles between the catalyst
surface and the support through the electrolysis process. It peels the
PMMA/graphene/catalyst from support much more gentle to maintain the perfectness of

graphene (Leeet al, 2014). Meanwhile, in another report using similar method, the
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hydrogen bubbles are generated in between catalyst and graphene for direct separation.
However, there is still no reliable strategy to control the side where the bubbles are
formed (Fanet al.,, 2014), They are formed between either graphene and PMMA or
between graphene and catalyst. The spacing between graphene and Cu or Pt is larger
compared with other catalyst, due to the weaker interaction between graphene and Cu or
Pt (Seahet al, 2014). These properties can be utilized for a much simpler transfer
method. Water molecules were proved to be able to penetrate in between graphene and
Cu or Pt under long period of soaking inside hot water. However, large scale tears have

also been observed on graphene (Gapt, 2014).

Mechanical exfoliation can be as simple as a direct peeling off graphene from its
substrate. It is easy and time-saving. The transition metal substrate can normally be
preserved, and it is readily recycled for subsequent syntheses. However, the mechanical
force can cause damages to graphene. To maintain the quality of graphene, researchers
have attempted to apply additional transfer steps such as intercalation of foreign element
in between graphene and metal, to weaken the interaction force between the graphene
sample and the metal catalyst. Mechanical exfoliation still remains a reliable method,
allowing recycling of metal catalyst and the simplicity of the transfer process will be

important in the mass production of graphene at low cost.

2.5.2 Wet chemical etching

Wet chemical etching is a method to separate the graphene sheet from its
catalytic metal surface by removing this latter through an etching process. This approach
involves chemicals that are able to dissolve the transition metal catalyst (Ni or Cu). It

avoids the use of excessive mechanical force that may cause severe mechanical defects
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to graphene. Initially, the purpose of metal etching was to transfer graphene sheets to a
copper grid for TEM characterization. The graphene detachment from one substrate can
be performed with simple acid etching. Because graphene is highly hydrophobic, it
spontaneously floats on an aqueous solution and can then be separated and transferred to
the TEM grid.

The direct etching of metal is not an ideal method for graphene transfer;
introduction of folds and tears to the graphene sheet being the main drawbackgRegan
al., 2010). Isolated graphene could roll into a ball-liked structure inside the aqueous
etching solution due to the hydrophobic nature of graphene. Thus, the surface tension of
the etching solution is utilized to prevent the graphene from rolled upe{@hj 2009).
Sometimes, isopropyl alcohol is added to reduce the surface tension of water and
minimizes the external force around graphene for an easier deposition of graphene onto
later substrate (Liret al., 2014). Normally, the process of graphene transfer involves
spin coating of a suitable polymer onto the graphene/metal film before it is subjected to
the metal etching process. The polymer/graphene is placed onto the desired substrates,
followed by the polymer removal. Silicon rubber was first used as a support polymer
(Yu et al, 2008). The main drawback of using silicon rubber is the difficulty in its
removing due to its inertness.

A research group from MIT had successfully modified the transfer process of
graphene to other substrates by using polymers (Re¢iaa 2008a, Reinat al, 2008b).

Two supporting polymers, PMMA and PDM®ere experimentally verified to be
competent for graphene transfer, and these polymers can also be removed thereafter
using organic solvents, such as ethanol and acetone. This method is commonly used for

the transfer of aligned carbon nanotube arrays and has now been modified for graphene
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transfer (Sealet al, 2011a, Seabt al., 2012). The polymer film is normally coated on
the graphene/metal foil through spin coating, and a few reports use drop coatatg (Li
al., 2009c) The typical route for graphene transfer via wet chemical etching and a

supporting polymer layer is shown in chart 2.1.

Graphee grown Polymer coatin( Removal of graphene Metal
on transition and drying (or on the back side (for etching
meta baking) metal foil)

Deionized Polymer Transfer tc Deionized

water rinse&
dry

arbitrary substrat
and dning

water rinse
& dry

removal

Chart 2.1 Typical route for graphene transfer by polymer supported wet etching method.

The customary transfer method is a multiple stepcgs® which possesses
several shortcomings, such as the difficulty to remove the polymer completely, graphene
deterioration due to the chemical attack, contamination of metal particles and etc. Each
of the steps listed in chart 2.1 will cause some damage to the graphene sample. To date,
various improvements have been suggested to minimize the introduction of defects and
contaminants during the transfer process.

Physical degradation, such as tears, folds and lesrde easily formed on the
transferred graphene. A crack or tear can be formed under various causes, including
direct contact with graphene and improper handling of graphene during transfer.
Meanwhile, wrinkle formation is related to the difference in thermal expansion between
the metal catalyst and the graphene during the CVD process (Obrartav2007).

The presence of wrinkles later result in gaps between the graphene and the substrate,

subsequently inducing cracks (@i al., 2009c). The surface morphology of CVD-grown
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graphene has high tendency of copying the surface of the metal surface. The graphene
grown on a rough metal catalyst surface will be curvy in structure. The graphene surface
maintains its curvature after removal of the catalyst because PMMA forms a rigid
coating in firm contact with graphene. Flattening of the PMMA/graphene film is crucial

to place the graphene onto the desired surface perfectlet lal(2011b) reported the

use of a simple method by prolonging the soaking period of PMMA/graphene sheet in
water. The surface tension of water has been shown to contribute to flatten the wrinkles.
Li et al. (2009c) proposed a second PMMA coating layer. The second layer of PMMA is
able to re-dissolve the first layer of PMMA, inducing the flattening of graphene/PMMA
sheet and increasing the contact area between the graphene and the substrate, which
provides a protective layer for graphene after PMMA removal. An additional layer of
PDMS can be added as a flexible frame for the PMMA/graphene film after transfer to
the desired substrate. Heat can then be applied to soften the PDMS/PMMA/graphene
film so that full contact of graphene with its substrate is achieveddiSalk 2011). The

whole process is summarized in Figure 2.7 (a) and (b).

Combination of PDMS and other polymers can also be used in the transfer of
graphene onto soft and non-flat substrates. The PMMA/graphene film is relatively rigid,
thus wrinkles or voids can be easily formed when it is transferred to soft or non-flat
substrates. By adding PDMS onto the graphene/polymer filmsfer of monolayer
graphene can be performed onto almost all surfaces and with higher contact areas
between graphene and its substrate (Setngl, 2013, Choi, 2013), preventing voids
between the graphene and the substrate surface that would be crucial to minimize tearing
of graphene. A screen protector for portable display devices has also been utilized for

graphene transfer. The screen protector contains two layers of materials, namely PET
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and silicon, which has a low adhesion force to graphene on the silicon side. Graphene
can attach on the PET/silicon film after etching away the catalyst foil. The PET/silicon
film can be separated easily after the graphene is placed onto the desired substrate. The
weak adhesion force between the graphene and the PET/silicon film facilitates the
separation (Cheet al., 2013a). The entire process adopts almost the same mechanism as
contact printing than that using for PDMS stamps. Under certain conditions, the
graphene can be glued directly onto the substrate before the catalyst being etched using
epoxy to enhance the contact of graphene with the substrate, which minimizes the

physical damage during the transfer process (&tim., 2013b).

(a, b) Wet transfer

| ; Gfaphene I

Etchant

a)

PMM""‘ Gtaphene

Substrate ,Spacer Waler
/Subslmte
Needle l‘ ‘
‘ — \ ‘ -ﬁ—ﬁ -

miETTR AT
*‘Heat“ AHeal“

} }

Figure 2.7 (a) Flow diagrams of the transfer process with heat treatment for (a)
perforated substrate and (b) flat substrate ., 2011).
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Meanwhile, another type of defect may form during the graphene transfer
through wet chemical etching method is the trapping of moisture or solvent between
graphene and the substrate. The graphene is unable to deposit flatly onto a desired
substrate, such as a copper TEM grid or silicon wafer (Learad, 2011). This gap can
be eliminated by simple baking of the PMMA/graphene (Liabhcal., 2011) or by
vacuum annealing at low temperature. However, long annealing time would also create
defects onto the graphene sheet (Weingl., 2011b). The existence of trapped moisture
may cause serious problems during TEM characterization. Under high vacuum, the
trapped moisture evaporates and damages the graphene or dislodges it from the grid. An
adhesive layer is proposed as a method to improve the contact between the graphene and
the electron microscope grid to obtain more accurate data. Re@hn(2010) directly
placed the grid onto a graphene/Cu film, and isopropanol was dropped onto the grid
(Figure 2.8). As isopropanol is evaporated (along with the water), the vacuum formed
during evaporation was able to induce adhesion of graphene to the grid before Cu
etching. Baking can also be added to enhance the evaporation and strengthen the contact
between the graphene/Cu film and the TEM grid. Addition of isopropanol also can be
applied to graphene flakes as well. In that case, the TEM grid can be placed onto a pile
of graphene flakes, and a small drop of isopropanol is dropped onto the grid. The flakes
will adhere firmly onto the TEM grid after evaporation of isopropanol. Heating can be
added to obtain a firmer attachment (Mewtral., 2008). Chloroform, an adhesion
promoter, is also proposed for deposition of graphene films onto a TEM grid.
Chloroform is first applied between the TEM grid and graphene/Cu film. The adhesion
force formed after evaporation could induce attachment of the film, and the moisture is

simultaneously evaporated through baking. Formvar plastic was coated across the grid to
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further stabilize graphene on the copper grid to promote the gradual etching of Cu

during the metal etching process (Pantetial, 2011).

= graphene

on Cu

Place grid on
graphene and
drop on IPA.
Grid binds to
graphene as

l IPA evaporates.
| s | DI rinse

l IPA rinse

well-adhered

I J graphene grid

Figure 2.8 Schematic of the direct transfer of graphene onto a TEM grid (Retgdn
2010).
2.5.2(a) Etchants

The common metal etchants are iron nitrateeflal, 2009a), iron chloride (Kim
et al., 2009), ammonium persulfate (Beteal., 2010, Petronet al), hydrochloric acid
(Zhenget al, 2010), marble solution (Yaet al., 2011b), Transene Thin Film Nickel
Etchants (Ni TFB) (Shet al, 2010), etc. Aqueous iron salts are preferred compared to
acid as etching agent. Iron salt solutions are odorless, harmless to human skin, and do
not produce dangerous fumes in contrast to concentrated acid. It has been reported that
the etching power of iron chloride is stronger than that of hydrochloric acid for etching
nanoscale Ni film (Delamorearnet al, 2014). Although iron salt solutions are more

efficient, but the ferromagnetism property of iron would alter the electromagnetic
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transport of graphene (Lee and Lee, 2010). The presence of 3d-transition metal (Fe, Ni,
Co and etc) on graphene would severely degrade the charge transfer through the
graphene plane. Transition metals within the 3d group containing empty d-orbital would
form a strong hybridization with the-electrons of graphene and distort the electron
diffusion path. This effect is known to downgrade the electronic property of graphene
(Liu et al., 2011e). The presence of very small amount of metal doping, even though
after the repeated cleaning of graphene with distilled water, would severely affect
graphene transport properties and conductivity (B&kad., 2009, Ambrosi and Pumera,
2014). Etching by acid could avoid contamination of the organic material, but it
introduces hydroxyl and carboxylic groups on the graphene which causes point defects
in graphene. Additionally, fuming during etching results in trapping bubbles that might
cause mechanical defects in the graphene sheet (Srivast@va?2010). Conversely, the
use of ammonia persulfate as etching agent would introduce heavy p-doping to graphene
(Baeet al., 2010).

Strong bases, such as KOH (Wai@l., 2011b) and NaOH (Reie#aal., 2008b)
are better for etching of SgOFor some reasons, such as for the transfer of patterned
graphene, etching of Sy necessary for a second time transfer. PMMA can be used
for the transfer of chemically derived graphene, such as graphene oxide or graphene
flakes to arbitrary substrate (Yamaguehial., 2010). In case of re-transfer of graphene
to another substrate, an easier method was demonstrated by seeping a small amount of
water into the gap between graphene and the support to displace the graphene from its
support. The graphene/support was first coated with PMMA and covered with another
PDMS film, water was then dropped at one edge of the polymer-coated substrate. Water

can penetrate into the hydrophobic-hydrophilic interface between graphene and substrate,

56



thus the separation can be done easilyefLal, 2014). A method based on the use of
bubbles also can be carried out by direct immersion of the PMMA/graphene/substrate
into a mixture of ammonia solution and hydrogen peroxide. The aqueous solution
intercalates in between graphene and substrate. The oxygen bubbles formed in between

graphene and substrate, thus displace graphene from substrate (@bnt2014).

2.5.2(b) Protective layers

Another source of contamination that is often found on graphene is the polymer
residue. The presence of polymer residues could severely suppress the phonon transport
and lower the thermal conductivity of graphene (Petted, 2011). Such contamination
also makes the characterization of graphene inaccurate, especially under Raman
spectroscopy, by amplifying the D-band (Zhaegy al, 2012d). Moreover, the
experimental data showed that graphene was significantly n-doped up to*3@xT0
(Geringeret al, 2010), and the carrier mobility was significantly lowered after PMMA
contamination (Chenget al, 2011b). Graphene, PMMA and PDMS are organic
compounds in the form of macromolecules. The strong van der Waals force between
graphene and PMMA prevents the acetone from removing PMMA completely (Eheng
al., 2011b). Graphene with hydrophobic property easily balls-up it is in contact with
organic solvents. The PMMA removal must be completed carefully to prevent the
unnecessary folding of graphene. The effect of polymer contamination becomes
significant as multilayer stacking of graphene is required. The carrier mobility and
graphene sheet resistance would be brutally blocked with polymer contamination in
between the graphene sheetsir(&§ et al., 2010). A few strategies have been proposed

to overcome this problem, such as alternately washing the PMMA with acetone and
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isopropyl alcohol (IPA) (Zhengt al,, 2010, Chenteal., 2013b). Chloroform is found to
be effective to remove PMMA or the photoresist materials that are required for graphene
patterning. The properties of graphene are not altered under prolonged exposure to
chloroform (Chenget al, 2011b). Acetic acid has also been reported to possess better
performance than acetone for PMMA removal from graphene surfacet(der2013).
Recently, polystyrene and poly(isobutylene) were used to replace PMMA to
prevent residue contamination on graphene (Sbrag., 2013). Other kind of removable
polymers, such as poly(bisphenol-A-carbonate) (PC), are reported to be good supporting
polymers for graphene transfer (Patkal, 2010). PC can be removed using chloroform
(Lin et al., 2011). However, by using only chloroform, the dissolution of PC is too rapid.
The graphene was found to be deteriorated more easily and t experiences mechanical
damage during the vigorous dissolution process. Acetone-buffered chloroform is a better
choice that could prevent unnecessary damaging of graphenee(Lai, 2011).
Fluoropolymer cannot be easily removed after coating on graphene. However,
fluoropolymer has the ability to rearrange the fluorine atoms on the graphene basal plane
(Lee et al, 2012), which provides a single step for graphene transfer with fluoride-
doping on graphene (Skit al., 2010). Another strategy has been demonstrated by
adding a buffer layer that is easier to remove in between PMMA and graphene, such as
2-(diphenylphosphory) spirofluorene (SPPO1) (Hdral., 2014) or gold (Leet al.,
2013). They were sandwiched between PMMA and graphene to form a matrix. This
method enables the utilization of PMMA as a physical support material but without
direct contact with graphene to prevent contamination. Meanwhile, if polybutadien

(PBU) is used as interface material between PMMA and graphene, PBU could prevent
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the Fermi level change on graphene and it reduces the charged-impurity scattering from
a polar adjacent layer (Kiet al., 2014).

High temperature (>250 °C) evaporation of PMMA under an inert atmosphere is
another route for PMMA removal, which has been used for CNT transfergio
2008). It has been reported to be more effective for PMMA removal than acetone
dilution (Parket al, 2013). Time and temperature are crucial factors in the prevention of
oxidation of the graphene sheets. Moreover, the thermal stress would also induce cracks
of graphene. During annealing, the radicals formed during the thermal decomposition of
PMMA may lead to rehybridization of the carbon atoms frofhtepsg in graphene.
Meanwhile, the partially decomposed PMMA with radical sites can easily attach to
neighboring PMMA residues, resulting in more difficult PMMA removal (kinal,
2012). Additionally, the metal residue, either from the catalyst (Ni, Cu) or from the
etching solution (Fe) would play the role of graphene structural reconstruction under
elevated temperature (Boukhvalov and Katsnelson, 2009), £ @eaker oxidizer was
utilized to oxidize PMMA under elevated temperature, but the complete removal of
PMMA was still far from realized (Gonet al, 2013). Additionally, moisture or oxygen
remaining between the graphene sheet and the substrate would act as an oxidizing agent
and creates structural defects on the basal plane of graphene during heat treatment
(Suzukiet al., 2013). UV irradiation was used by Jeaial. (2014) to degrade the
polymer by destroying the side chain of ester group in PMMA in advance and reduce the
interaction between the PMMA film and the graphene, which enables a much more
effective PMMA removal to aid in the recovery of clean graphene.

The polymer assisted transfer possesses a critical weakness, i.e., difficulty in

transferring large area graphene, due to the difficulty in handling the PMMA film (De
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Arco et al., 2009). To avoid the use of PMMA or PDMS, some strategies have been
proposed, Martinset al. (2013.) laminated the graphene-copper onto the desired
substrate before copper etching. However, this method is only applicable for
hydrophobic substrate and with the utilizing of van der Waals force to hold the graphene
while etching. This method introduces significant mechanical defects onto the graphene.
Another special process has been proposed, i.e., “roll-to-roll” (R2R), which can be used
to transfer 30-inch graphene films (Beteal., 2010). The process is illustrated in Figure

2.9. The process contains 3 main steps: (i) attach thermal-released tape as a polymer
support onto a graphene/metal film, (ii) etch the metal and (iii) release the graphene
from the tape and place onto an arbitrary substrate. The discovery of the R2R process
has opened a new chapter in the study of graphene synthesis and transfer. This R2R
method has been adapted by researchers to continuously synthesize graphene using CVD
(Yamadaet al, 2012, Hesjedal, 2011). However, the critical drawback of the R2R
method is the large amount of mechanical damages done to the graphene. Line-shaped
cracks propagate perpendicularly to the roll direction, and holes on the micron scale can
be easily formed in the graphene (Kaetgal, 2012). In the later publication of the
authors, they utilized EVA as the binder between polymer substrate and graphene to
reduce the mechanical defects (Hdral., 2011) .

The wet chemical transfer of graphene is a multi-step approach and the
deterioration is amplifying from one step to the next in the transfer process. To
minimize the number of steps for graphene transfer, the CVD process has been
modified so that the synthesis of transfer-free graphene can be obtained. The metal
catalyst is directly deposited onto the desired substrate for CVD. After growth, the

metal between the substrate and the graphene is etched away using an etchant, leaving
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only the graphene on the substrate (Ktral., 2012c). However, this method is more
suitable for small area graphene due to the small exposed area between the metal and
the etchant. The majority of the metal is well protected by the graphene, as reported in

(Levendorfet al, 2009).

Figure 2.9 Schematic of the roll-based production of graphene films grown on a copper
foil (Baeet al., 2010).

2.6 Reuse of catalyst

Researchers are working aggressively on other approaches to further find the
better graphene transfer method. Some complicated routes have been designed to
overcome the shortcomings possessed by both the wet chemical etching approach and
the mechanical exfoliation methods. For example, a simple electrolysis cell with a
constant current supply can be applied for graphene exfoliation. Metal etching has been
performed using an electrochemical process (Yen@l., 2012). A small voltage is
applied to enhance oxidation of the metal. The authors claimed that the electrochemical
etching could effectively remove the majority of the metal leaving clean graphene
behind. A better electrochemical cell is shown in Figure 2.10 for a better control of the
graphene transfer without causing damage to the catalyst foil as reported ire(&ng
2012). Reduction of water at the surface of the anode (graphene/metal foil) produces

hydrogen bubbles, which would detach the graphene sheet from the metal foil¢iWang
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al., 2011c, Gaet al, 2012). The electrochemical exfoliation is a “wet” process; a layer

of polymer is always required for the prevention of graphene folding. Moreover, the
polymer layer could serve as a protective layer for graphene from the mechanical
damage caused by the hydrogen bubbles. The main advantages of this approach are that
the expensive single crystal structure of metal foil can be preserved and the
topographical features that were transferred to the graphene, such as ripples on a copper

foil, can be preserved (Warmg al, 2011c).
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Figure 2.10Schematic of an electrolysis cell used for the electrochemical exfoliation of
graphene from metal foil (Wareg al.,2011c).

Potential differences have been employed for the electrostatic transfer of
graphene from SiC or a metal foil catalyst. This approach takes advantage of the anionic
bonding between the metal and a semiconductor or glass. A glass substrate with a
negative charge produces an electric field and pulls the graphene/SiC substrate. The
anionic bonding facilitates a firm bond between the 2 interfaces and enables the
graphene transfer (Biedermamt al., 2010). The firm bond minimizes the void or

trapped air or moisture between the graphene and the substrate é¥Waing2013).
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Meanwhile, electrostatic deposition is also occasionally used for the exfoliation of
HOPG to graphene platelets (Liaegal, 2009).

Mechano-electro-thermal (MET) process is a new proposed chemical free
process (Jungt al., 2014). An electric field was used to exfoliate the graphene from Cu,
the high physical pressure allows the graphene to have maximum contact with the later
substrate. Meanwhile, high temperature was used to increase the visco-elasticity of the
targeted substrate which enhances adhesion force to graphene. Combination of these 3
forces, strong and ultraconformal contact between the graphene and the targeted
substrate can be achieved. It makes the graphene to be able to exfoliate with minimum

physical damage and chemical contamination free.

2.7 Summary

This comprehensive review of the literature has outlined the definition of
monolayer graphene, current strategies for graphene synthesis and separation methods to
obtained free standing graphene film. It also summaries the trend of graphene research,
particularly wafer scale graphene for the past decade, CVD is the most promising and
economical approach to synthesis wafer scale monolayer graphene. On the other hand,
wet chemical etching would be the most gentle graphene separation approach that could
highly preserve the perfectness of wafer scale graphene. However, there is still a lot of
debate, especially on the fundamental mechanism of graphene formation and separation.
Graphene is an innovative material that possesses various desirable properties. The rapid
pace of graphene research ensures that a more practical graphene synthesis and transfer
method will be discovered. However, there are many challenges and opportunities for

applications in dalily life.
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CHAPTER 3

MATERIALS AND METHODS

This chapter describes the details of the experimental work done in the current
study. In the first part, the specification of all materials and chemicals used is listed,
followed by the experimental equipment and the rig set-up which were used in the
decomposition of methane for the production of graphene. Later on, the details of the
experimental procedures are presented. The analysis of the products by various means of

characterization instruments used in this study is shown in the last part of this chapter.

3.1 Materials and Chemicals
All the chemicals and reagents involved in this research are listed in Table 3.1

with the corresponding assay, name of supplier and purpose of use.

Table 3.1List of chemicals and regents

Chemical/Reagent Assay Supplier (Grade) Purpose of use
Copper foil Thickness: Aldrich Catalyst
0.125mm
>99.900%
Nickel Foil Thickness: Aldrich Catalyst
0.025mm
>99.900%
Nitric Acid >65.000% Merck (EMSURE® Etchant for Ni
ISO) (Malaysia)
Sigma-Aldrich
(ISO. Reg. Ph.Eur.)
(France)
Iron (I11) nitrate 99.900% Sigma-Alrich Etchant for Ni and
nonahydrate, (Malaysia) (Malaysia) Cu
Fe(NQg)3_9H20
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Table 3.1 Continue

Chemical/Reagent Assay Supplier (Grade) Purpose of use
Iron (I11) nitrate 99.000% Merck
nonahydrate, (France) ((EMSURE® ACS
Fe(NG)39H,0 Reg. Ph. Eur.)
(France)
Methane 99.999% Air product Carbon source
Nitrogen 99.999% Air product Inert gas used after
reaction
Hydrogen 99.999% MOX Reduction agent for
metal catalyst
Deionized water - - Diluting reagent an
for cleaning
purposes
Standard gas 1.000%ds MOX Gas chromatography
1.000% H calibration
1.000% CO
1.250% Q

Silicon wafer
(1000A thermal
oxide)

2.000% GH4
2.000% GHs
2.000% CQ
20.000% CH
69.750% N

Orientation <100> Medina
Type/ Dopant:

N/Ph

Diameter: 100mm
Thickness

525+25um

Reseistivity 0~30

Ohm-cm

Surface : One side
polished

Substrate for
transferred graphen
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3.2 Experimental equipment and rig set-up

3.2.1 Graphene growth rig

The CVD reaction of methane for the production of graphene was carried out in a
horizontal quartz tube reactor system. The schematic diagram of the experimental rig
set-up and brief description of the major components of the rig are shown in Figures 3.1
and 3.2 and Table 3.2, respectively. Generally, the experimental rig comprises 3 main
parts: gas mixing section, reaction section and gas analysis section. The gas mixing
section and reaction section were connected with 1/4” stainless steel 316 tubing,

meanwhile the effluent gas was connected to gas analysis section by 1/8” Teflon tubing.

3.2.1(a) Gas mixing section

The gas mixing section consisted with 5 major parts: three gas cylinders
(nitrogen, hydrogen and methane), two mass flow controllers (No.2 in Table 3.2), a
static mixer, a pressure gauge (No. 3) and 4-channel power supply and a readout system
(No.5). Hydrogen was used as a reduction agent to reduce the metal catalyst. Purified
methane was selected as the carbon source of the reaction due to its lo less toxic
compared with other hydrocarbons. Meanwhile, nitrogen gas was used as protective
inert gas to purge the reactor after reaction. The flows of all 3 gases mentioned were
controlled by 3 mass flow controllers and 4-channel power supply and readout.
Hydrogen and nitrogen shared the same pipeline and controller. Methane gas has its own
controller and pipeline. Both pipelines were connected and the gases flowed through a
static mixer to create turbulence to obtain well-mixed gases before being charged into

the reactor for the growth of graphene. A pressure gauge was installed after the mixer to
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monitor the pressure inside the reactor throughout the process to prevent pressure built

up inside the reactor. All the piping used in this section were 1/4” stainless steel 316.

3.2.1(b) Reaction section

After the mixer, the gas mixing section was connected to the reaction section with
a Teflon 1/8” pipe. The reaction section mainly consists of a furnace, a quartz tube
reactor (internal diameter: 30 mm, outer diameter. 34mm, length: 1500mm), a
thermocouple (No. 6), a temperature controller (No. 4), a mass flow meter (No.7) and a
temperature indicator (No. 8). The furnace used was a three zone furnace with a
temperature controller. Quartz with high thermal stability was selected as the tube
reactor material. The catalyst nanoparticles deposited on silicon wafer was placed in the
center of the reactor during the reaction. A type K thermocouple was also placed in the
middle of the tube to measure the actual temperature during the reaction and the
temperature was displayed through a temperature indicator. To further confirm the flow
rate of the reactant gas and to prevent the leakage, the effluent before reaction was
measured with a portable mass flow meter that was placed near the reactor. Meanwhile,
the pressure of the reactor was monitored through the pressure gauge in the gas mixing

section.
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Figure 3.1Photograph of the experimental rig set-up (Descriptions of parts according to numbers listed in Table 3.2)
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Figure 3.2 Schematic diagram of the experimental rig set-up
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Table 3.2Major components of the experiment rig and their function

No Component Image Specification/ model functions

(Refer to

Figure 3.3)

1 Switch - To cut off the power
supply during the
emergency case

2 Mass flow Model: Brooks® 5850E To regulate and

controller

(Range of accuracy: control the flow rate
10sccm-150sccm) of nitrogen, hydrogen
and methane
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Table 3.2 Continue

No Component Images

3 Static mixer and
pressure gauges

4 Temperature
controller
5 4-channel power

supply, readout and
control panel

71

Specification/ model

functions

Static mixer: OD.,”

Pressure gauge:
Model: Ashcroft

Eurotherm 3216P1

Model: Brooks 0152E
(Range of accuracy:
10sccm-150sccm)

To create turbulence
flow for the mixing of
gases before
discharged into
reactor.

To measure the
pressure in the
reactor.

To precisely control
the temperature for
every parts in three
zone horizontal
furnace

To regulate and
control the flow rate
of nitrogen, hydrogen
and methane




Table 3.2 Continue

Component

6 Three zone
horizontal furnace
& Quartz tube
reactor and
thermocouples

7 Portable Mass flow
meter

Specification/ model

functions

= W

Three zone horizontal

furnace

Horizontal tubular
furnace:
Carbolite, GHC 12

Quartz reactor
(Lenght: 1500mm,
internal diameter:
30mm)

Theromocouples:
Type K

D=3mm

L= 600mm

Model: Aalborg GFM-
17A

To heat up the reactor
to the desired
operating temperature

To provide chamber
for the reaction to take
place

To measure the actual
reaction temperature
inside the quartz
reactor

To verify the actual
flow in the reactor and
to monitor the
possibility of leak.
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Table 3.2 Continue

Component Images

Specification/ model

8 Temperature
indicator

- Gas tanks

- Gas
Chromatography
(GC)

Specification/Model

Functions

Nitrogen: 99.999%
Hydrogen: 99.999%
Methane : 99.999%

Agilent Series 7890A

To indicate the actual
temperature inside the
quartz reactor as
comparison with the
temperature
controller.

To store reaction
gases

To analyze the
effluent gas of the
reaction in blank tests.
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3.3 Experimental stes

Figure 3.3 shows the flowchart of the research overview of this study.

Catalyst Preparation

v

v

Single catalyst (Ni and Cu)

|

CVD study and optimization

A 4
Graphene separatio

=

Y
Characterization

I

v

Bilayer catalyst (Cu wraps ove
Ni)

l

=

CVD study and optimization

A 4
Graphene separatio

=

Characterization

\4

Data comparing and mechanism study of graphen
formation on Ni, Cu and Ni-Cu bimetallic catalyst

Catalyst recycle study on various type @
graphene on Cu and Ni

—h

'

Mechanism study on the reuse and
recycle of catalyst

A 4

Conclusion

Figure 3.3 Flowchart of overall research activities of this study.
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3.3.1 Catalyst preparation

In the present study, the active metal catalysts used were Ni and Cu foils. The
commercially available polycrystalline Ni and Cu foils with purity of 99.9% was first
cut with the desired dimensions. For the study of individual graphene formation, both
foils were cut into square of 5mm x 5mm. Meanwhile, for bimetallic catalyst study,
Cu was cut into 7mm x 7mm, as Ni cut into 5mm x 5mm. Both Cu and Ni foils were
repeatedly rinsed with ethanol and DI water alternatively for 5 times to remove any
organic and inorganic contaminations. Subsequently, the Cu foil was used to wrap the
Ni foil as shown in Figure 3.4. The bimetallic catalyst was later pressed with a
hydraulic press with a force of 20N to displace the air trapped inside the bimetallic
catalyst and also to maximize the contact between Ni and Cu. The bimetallic catalyst
was sandwiched with 2 clean Teflon boards to prevent unnecessary contamination
during pressing; it was then ready to place in the furnace for the CVD reaction.

:Ni

Cu

Figure 3.4.Cross-section view of the Cu-wrapped Ni catalyst used for the study.

3.3.2 Production of graphene by CVD and process study

Before the study carried out into full throttle, ljprenary test was carried out
in advance to test the ability of the quartz tube reactor to grow graphene. A more
extreme condition was selected to grow graphene with operating parameters of 950
°C, 10 min, 80 sccm of +and 80 sccm Ckto grow graphene on both Ni and Cu foll
in the preliminary study. If graphene could be found on Ni and Cu foil, milder
condition would be further utilized for optimization to grow predominantly
monolayer graphendsenerally, the CVD reaction was carried out in aiZuotal

quartz tube rector (Figure 3.2). The catalyst was placed directly in the middle of the
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quartz tube and located at the middle of the furnace. The reactor was heated from
room temperature to desired temperature with a ramping rate of 10 °C/min under a
flow of 80 sccm/min H gas. The purpose is to reduce the native oxide that may
present on Ni or Cu foils. When the desired temperature was achieved, high purity
CH,4 was mixed with H gas under desired flowrates and duration of reaction. After
the reaction was completed, ¢bind H were switched off and replaced with bas

of 100 sccm/min. The reactor was allowed to cool down to the ambient temperature
naturally, normally it took several hours to get the furnace cooled to room
temperature. For the application of fast cooling, a steel wire was attached at the end
of the quartz boat containing the catalyst foil placed in the heating of the reactor.
After reaction, the stainless steel wire was pulled to bring the quartz boat out from the
heating zone to room temperature zone experiencing a rapid cooling. It reduces the
activity of catalyst and carbon rapidly under low temperature. The general strategy
was illustrated in Figure 3.5. A thermal couple was bind at the outer surface of quartz
tube, at the area where the sample placed after displaced from the furnace, to estimate

the temperature of sample.

Furnac I
Effluent < I < Hy/CH4/N,
(LI I
I N Furnaci l S

Room Heating zone
temperature zone

Figure 3.5 Setup of the reaction zone of the reactor for the implication of fast cooling.

After the reactor was found to have the abilitgtow graphene, catalyst foils

i.e. Ni, Cu and Ni-Cu bilayer catalysts were studied extensively. The process
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parameters studied were reaction temperature, reaction period and partial pressure of

methane. The range of the parameters is listed in Table 3.3

Table 3.3 Parameters list for CVD study

Parameter Range
Temperature 800-1000 °C
Reaction period 1-8 minutes
Partial pressure of methane 0.10-0.70 atm

3.3.3 Controlled experiment for bilayer catalyst

The purpose of this controlled experiment is to verify that there was no leak of
carbon precursor into the middle of the “sandwiched” catalyst and the carbon
obtained mainly came from the diffusion through the Ni foil. The Cu-8lQrilayer
catalysts (Figure 3.6(a)) and Cu-Ni-SiGrilayer catalysts (Figure 3.6(b)) was
prepared and firmly pressed with hydraulic press to displace the air between and
maximize the contact between each couple of foils respectively. The CVD reaction
was carried out with 80 sccnp,H20 sccm Chll and temperature of 1000 °C and last
for 10 min. Longer period and higher temperature were also used to confirm that the

leak is still insignificant even though under harsher conditions.
(@) Ni (b)

< Cu

Silicon
wafer

Figure 3.6 Scheme of the tri-layer catalytic systems: (a) Cu-SiiGand (b) Cu-Ni-
SiO, used for control experiments.
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3.3.4 Graphene separation

After the CVD reaction, graphene, graphite or maybe other graphitic materials
would form on both surfaces of the metal foil. The properties of graphene are
severely hindered, especially for the graphene that grow on Ni foil. In order to obtain
a trustworthy data, graphene needs to be separated from the original metal foils and
transferred to the appropriate substrate. In preliminary study, iron nitrate solution and
nitric acid were tested in their effectiveness for separating graphene from both Ni and
Cu. Graphene itself is highly corrosion resistance to weak and mild chemical attack.
Thus, the unwanted surfaces need to be scrubbed with sand paper (mesh 800) to
destroy and remove the graphene formed at that area. It provides direct contact of
metal foil with etchant to provide more effective chemical attack on the metal foil.

Graphene/metal foil was directly floated onto the etchant during the
separation process. Any protective layer that was normally used to prevent the
mechanical defect was avoided. Most of the graphene produced in the current study
are strong enough to resist to the mild mechanical force experienced by our
separation process. After the metal foil was totally etched, the etchant was diluted
150-200 times. The free-standing graphene that is highly hydrophobic remained
floated on the solution, and the surface tension of water ensures the graphene floated
flatly and prevent the ball-up effect. It was then hooked onto a TEM grid for HRTEM
observations. Meanwhile for other characterization, it was gently applied onto silicon
wafer, and dried at 60 °C overnight. After the suitable etchant with suitable conditions
(concentration, exposure time) was determined in the blank tests, it would be applied

throughout the whole study unless stated.
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3.3.5 Study on the reuse and recycle of catalyst

Monolayer, bilayer and few-layered graphene that were directly synthesized
on Ni foil through CVD under particular operating condition were utilized in the
current study.2 differentetchants namely aqueous iron(lll) nitrate and nitric acid
with different concentrations, by diluting nitric acid (65%, Merck) and iron(lll)
nitrate nonahydrate (>99.95%, Sigma-Aldjicivere used. Only the 4 edges of
graphene/Ni foil were scrubbed with sand paper (800 mesh) to provide the opening
for direct contact between Ni and the etchant. Meanwhile, graphene grown on
unwanted Ni surfaces was preserved to minimize the chemical attack on Ni. It was
then floated on nitric acid or aqueous iron nitrate solution for separation. After
graphene and Ni were separated, iron nitrate and nitric acid were diluted with huge
amount of DI water to minimize the contamination on the graphene sheet. It was then
transferred onto silicon/silicon oxide (1000 A) wafer for characterization. Meanwhile,
the remaining Ni foil can be easily removed from iron nitrate solution or nitric acid
and rinsed with DI water. The surface of Ni was polished with sand paper (800 mesh)
to obtain a smooth surface and later placed into the reactor for the subsequent
reaction. These steps were repeated until the Ni foil was too thin to be handled by
hands or holes were observed. Since the dimension of graphene fully copy the
topography of catalyst, a catalyst with hole would not give a continuous graphene

film.

3.4 Characterization
3.4.1 Raman spectroscopy

Raman spectroscopy is the most direct and efficient method to determine the
quality of the graphene. All the separated graphene and deposited onto silicon

substrate before characterized with Reinaslawa Raman spectroscopy (USM)
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(unless for sample grown on Cu foil with temperature of 900 °C and below, since the
samples appear in tiny flakes and very hard to deposit onto any substrate. Hence it
was characterized directly on the Cu foil). The incident light from a 632.8 nm argon
laser was focused on the samples with a 50x microscope objective and no filter was
used. The range Raman shift with 1100 dm 3000 crit was scanned. The laser
power of 50 mW was directly focused onto the graphene sample. Meanwhile for the
Raman mapping, a Horiba LabRAM HR 800 (Université de Lorraine) micro-Raman
spectrometer was utilized. The area of 50 um x 50 um was scanned under the same
laser with incident light (632.8 nm argon laser) was focused on the samples with a
50x microscope objective without filter. As for Raman mapping, the range of Raman
shift narrowed to 1500-1700 ¢hfto scan only the G-bandhd 2550-2750 cih(for

the 2D-band). Each spot was exposed to laser for 30 seconds and 2 cycles.

The optical light microscopes with both Raman spectroscopies (Reinashaw
and Horiba) were used to take magnified micrographs of the graphene samples with
magnification of 50x.

Three major bands in the Raman spectrum of graphitic materials are typically
used to infer structural information: (1) D-(“disorder”) band~&t350 cni; the
relative intensity of this peak imitates the degree of disorder, dangling bonds or
relative sp carbon content, in the carbon structure; (2) G-band1880 cnt is the
peak that reflects the Sgraphitic bond; (3) 2D -band at2680 cni, which is the
second harmonic of the D-band. The main Raman features used to evidence a
graphitic material with one single sheet are: (1) relative intensity of the 2D- and G-
bands, dp/ls, higher than 1.4; (Reiret al, 2008a, Wiet al, 2012c, Liuet al, 2011d)

(2) full width half maximum (fwhm) of the 2D-band below 40 trtFerrari et al.,

2006, Cheret al., 2011, Liuet al, 2011d). To provide a better view on the overall
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pattern of the Raman spectra, all the spectra shown in the Chapter 4 are normalized

based on the maximum value of respective spectrum.

Table 3.4 Characteristic of different types of graphene in Raman spectra.

Graphene lopflG Fwhmpp
Monolayer graphene >1.4 <40 cm'
Bilayer graphene 1-1.3 40-50 cnf
Multilayer graphene <1 >50 cm’

3.4.2 Atomic force microscopy

Atomic force microscopy (AFM) (USM) is one of the foremost tools for
imaging, measuring, and manipulating matter at the nanoscale. It was used to study
the surface topography of the catalyst foil. The model of AFM used in this study is a
Park System XE-100 equipped with program XEI. No sample preparation was
required for AFM and a non-contact mode was utilized for the scan area of 15 pm x

15 um.

3.4.3 X-ray Diffraction

XRD was performed using an INEL CPS120 Diffractometer (Université de
Lorraine) quipped with a spatial location detector in a semiconductor focusing
geometry. An anticathode of Cobalt Cax kKserved as the source of X-rays. The
diffracted X-rays was characterized with an INEL multichannel detector (4096
channels), the angular opening of 120° coinciding with the goniometer circle. The
diffraction angles are corrected for meter linearity errors (due to recording) by prior

calibration with standard yDs.
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The sample, catalyst foil was placed at the center of the goniometer circle, by
prior adjustment of the height of this one, bringing the santizsiet?) has a height
such that the intensity of the direct beam is reduced of half. The sample is driven with
a rotary movement in order to minimize the problem of preferential orientation of the
crystallites. The angle of incidence of the variable beam is adjusted so as to explore

more or less deeply in the sample.

3.4.4 High Resolution Transmission Electron Microscopy (HRTEM), electron
diffraction and Energy Dispersive Spectrometer (EDS)

High Resolution Transmission Electron (HRTEM) images were taken by
utilizing Jeol ARM 200F (Université de Lorraine).or Haicnai20 (Osaka University)
operating at 80 kV. The graphene sample separated from metal foils was directly
placed on the TEM holey grids (300 mesh). The grid was treated under 100 °C in air
to remove the moisture before TEM observation. Electron diffraction pattern for the
graphene sample was taken on the bulk of the graphene sheet during HRTEM

characterization.

To characterize the elementary composition inside the bulk of Ni catalyst, Jeol
JEM-09100IS (Osaka University) lon Slicer was utilized for the thinning of the Ni
foil to observe the element composition at the middle of the bulk Ni Foikt, a Ni
strip with a thickness of 250 um was cut with motorized diamond cuter from the
center of the Ni foil after the CVD reaction (Figure 3.7(a)). It was further polished
with sand paper (micro-Mesh 4000) to obtain a Ni strip with a thickness of 100 um
(Figure 3.7(b)). The Ni strip was placed into an ion slicer and a shield belt with a
thickness of 10 um was placed atop of the strip. The Ni strip oscillated with a low-
angle (3°), while an Ar ion beam (4kV) continuously irradiates the Ni strip from the

top, as the thin shield belt allows low-angle irradiation of the Ar ion beam at both
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sides of the Ni strip, until an etched hole appeared (Figure 3.7(c)). The hole appeared
at roughly 90m from the top. The Ni strip was adhered onto a eoppmg with
epoxide. It was then transferred to the HRTEBtnai 20apparatus for imaging and

also Energy Dispersive SpectroscopidS) spectra were acquired to study the

elementary composition of the Ni grains and grain boundaries.

(a) 5mm (b) 250pm

A
Y

3
250um

Figure 3.7 The steps for the sample preparation for obtaining EDS spectrum at the
middle of Ni.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter reports the results and discussion of the whole study. It is divided
into 6 main sections. Section 4.1 presents the results of preliminary studies on the
proficiency of a horizontal quartz CVD reactor to grow graphene on Ni and Cu. It is
followed by the CVD process study for Cu and Ni for graphene formation in sections
4.2 & 4.3, respectively. Section 4.4 is devoted to the process study and the related
chemical growth mechanism using Ni-Cu bilayer as catalyst to form graphene.
Section 4.5 describes the strategy utilized and the theory behind graphene separation

toward the reuse of Ni to grow graphene.

4.1 Preliminary studies

In this section, the main purpose is to verify that our CVD system is suitable
to synthesize graphene and that it has the ability for subsequent graphene separation
from the respective metal catalyst. In preliminary studies, two blank tests were
performed. A first test was intended to study the appropriateness of the self-designed
horizontal quartz tube reactor for methane decomposition and the effectiveness of the
metal foils (Cu and Ni) to produce graphene. The second test was carried out to
ensure the effectiveness of two chosen etchants for the graphene separation from its
metal foil substrate.

4.1.1 Blank test on methane decomposition and preliminary studies of Ni and Cu
foil for graphene formation

In the blank test, methane decomposition was performed with only the
presence of a quartz boat that was placed in the middle of the quartz tube reactor. The

atmosphere of 80 sccm of ¢Mith 80 sccm of Mwas tested. Different temperatures
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(700 °C-1150°C) were studied and the effluent gases were analyzed by an online GC
to determine the average conversion of methane. The calculated methane conversion
after stabilization of the system for are listed in Table 4.1. The results show that the
methane conversion was very low at 700 and 850 °C, and it highly increases at 1000
°C. Quartz is an inert material, and as expected the quartz tube and the quartz boat do
not contribute to decomposition of methane.

Sackett (1995) had investigated the thermal stability of methane under inert
atmosphere. He found that the half-time for the thermal decomposition of methane at
temperature of 800, 900 and 1000 °C were 108, 34, and 4 hours, respectively. Since
the CVD reaction involves a continuous flow of methane, with a total flow of 160
sccm/min and the tube diameter was 30 mm and the furnace length 45 cm, the
residence time for methane was 1.98 min and around 0.6 % of methane was thermally
decomposed. This value is in agreement with that obtained with GC: 0.8 % of
methane conversion at 1000 °C (Table 4.1). Meanwhile, at 1150 °C, the thermal
decomposition becomes very significant; a “black smoke” could be visualized with
naked eyes. The “black smoke” was mainly composed with carbon soot resulted by
thermal decomposition of methane (Sesthal., 2013). It was not suitable to be
characterized with GC because of an irreversible contamination to the column. As a
quartz boat was put in the reactor for 10 min under such operating conditions and
cooled down to room temperature naturally, a thick black powdered film was coated
on the quartz boat.

Figure 4.1 shows the TEM images of the blackish powder. Observation at
low magnification reveals large carbon species (Figure 4.1a). High magnification
TEM images at the edges of the particles show a highly packed graphitic structure

which suggests that, the material formed was pyrolytic carbon materials (Figure 4.1b).
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Hence, at 1150 °C, the thermal decomposition becomes very significant and that
seems not suitable for graphene production because of an unavoidable poisoning

phenomenon of the catalyst foils.

Table 4.1 Methane conversion recorded in the blank test.

Reaction temperature (°C) Methane conversion (%)
700 ~0.2
850 ~0.2
1000 ~0.8

B
500 nm

Figure 4.1 TEM images of the black powder collected on the wall of the quartz tube
that underwent CVD of 1150C. (a) Low magnification image and (b) High
magnification image.

After verifying that the poisoning effect did nataur at 1000 °C and below,
the suitability of both Cu and Ni to grow graphene under proposed system was tested.
Cu and Ni foils with a size of 5 mm x 5 mm were used for the CVD reaction with the
following operating parameterg50 °C, 10 min, 80 sccm of,tnd 80 sccm of CH

The sample was allowed to cool down to room temperature naturally updesedl

as protecting gas.
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The Ni and Cu foils after the CVD reaction were characterized with Raman
spectroscopy and the spectra obtained are shown in Figure 4.2. The peaks for all D-,
G- and 2D-band were very obvious. For both Ni and Cu, the height of the G-band is
much higher compared with that of the 2D-band indicating the presence of either

multilayer graphene or perhaps graphite.

G-band
D-band 2D-band

Normalized Intensity (a.u.)

j\»&

A g
J\.ﬂi_
1000 2000 3000

Raman shift (cm™)

Figure 4.2 Raman spectra of graphitic materials grown on Ni anaviflu operating
parameters of 950 °C, 10 min, 80 sccm gfadd 80 sccm of CH

4.1.2 Preliminary test of graphene separation from Nand Cu

The CVD as-grown graphene, irrespective to any transition metal utilized, is
attached to its original metal substra@aphene has limited value if it remains
attached firmly onto the catalyst foil. Furthermore, most of the characterization
technique, such as HRTEM, Raman spectroscopy, electrical properties measurement
and etc. need a free-standing graphene to be deposited onto a suitable grid or
substrate (silicon wafer for example). As a result, the separation process of graphene
is a vital step to acquire accurate and trustworthy characterization.

Normally, the whole surface of the metal foil is covered with graphene after
the CVD process. Graphene is inert and highly resistant to corrosion. To allow the
etching of metal foils and facilitate the graphene separation, direct contact between

the etchant solution and the metal foil has to occur. First, it was proceeded by rubbing
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the unwanted surface of graphene/metal foil with sand paper (800 mesh) to
completely destroy the grown graphene. The foil was next directly floated onto the
etchant, namely aqueous iron(lll) nitrate (0.5 mol/L). The Cu foils could be
completely etched away in 1-2 hours. However, as iron(lll) nitrate was utilized to
separate graphene from the Ni foil, graphene was not able to be separated from Ni. To
enable to whole research work more efficiently in time, nitric acid was tested for
graphene separation from Ni. Nitric acid with a concentration of 4.80 mol/L (21.67 %)
was too strong, the etching was too vigorous and numerous hydrogen bubbles were
deliberated. The prepared graphene was broken into small pieces (Figure 4.3(a)).
When the concentration of acid was reduced to 1.44 mol/L (6.7 %), graphene could
be separated within a wide range of 2-24 hours (Figure 4.3(b)). Interestingly, an
adequate amount of Ni foil remained after the separation process, but at the same time,
the graphene sheet suffered some deterioration. In order to preserve the perfectness of
graphene sheet, the concentration of acid was further reduced to 0.73 mol/L (3.35 %).
It took around 1-2 days to completely etch away the Ni foil for separation (Figure
4.3(c)). Furthermore, the perfectness of the graphene was highly preserved. Hence,
nitric acid with a concentration of 0.73 mol/L was utilized throughout the whole
research for graphene separation from Ni. The separation of graphene from Cu was

done by aqueous iron(lll) nitrate of 0.5 mol/L.

Figure 4.3Photographs of the graphene separation process by nitric acid with various
concentrations (a) 21.67 %, (b) 6.7 % and (c) 3.35 %. The boxed area indicates the
location of graphene.
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The separated graphene being hydrophobic was visible with naked eyes
floating at the surface of the etchant solution (Figure 4.3(c)). The etchants were then
diluted with a huge amount of DI water (100-150 times) to prevent contamination of
graphene. This latter was finally transferred gently onto silicon wafer for

characterization with Raman spectroscopy.

4.2 Graphene formation on polycrystalline Cu foll

The main purpose of this section is to find the possibility of utilizing
conventional polycrystalline Cu foil with a thickness of @25 to grow monolayer
graphene by using our self-build quartz tube reactor under various operating
parameters. In this section, Cu foils of 5 mm x 5 mm were used for the CVD process
to grow graphene by varying the growth temperature, the growth duration and the
partial pressure of methane. Fast cooling was applied to the sample after the growth
stage. The post-CVD Cu foils underwent the etching process by an iron nitrate
solution, as described in Section 4.1.2 to obtain free standing graphene which is
subsequently deposited onto a silicon wafer. The main objective of the current
research is to obtain uniform monolayer graphene. At least 5 Raman spectra from
random and discrete locations were taken on each sample for reliable analysis of the
characteristics of the obtained graphene. Only the samples with Raman characteristics
of monolayer or bilayer graphene (as described in Section 3.4.1) was selected for

further characterization with HRTEM and for Raman spectroscopy mapping.

4.2.1 Temperature
In this section, the effect of temperature on the formation of graphene on Cu
foil was studied. The growth duration was fixed at 5 min and 20 sccm ptiiked

into 80 sccm of Wwas used to maintain the partial pressure of methane at 0.2 atm.
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The temperatures studied were 800, 850, 900, 950 and 1000 °C. Figure 4.4 shows the

Raman spectroscopy spectra obtained from the corresponding samples grown.
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Figure 4.4 Raman spectra of the graphitic materials grown orfdluwith various
temperaturesThe growth duration was fixed at 5 min and 20 scdnCBl, was
diluted into 80 sccm of i

Mormalized Intensity (a.u.)
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The Raman spectra of the carbon materials grown at 800-900 °C were taken
directly from the Cu foil while for the films grown at 950 °C and 1000 °C were
recorded after separation and transfer on a silicon wafer. The materials obtained at
800-900 °C show similar features of broad and joined D- and G-band. The wide and
high intensity of D-band indicates that the carbon materials are full of various types
of defects. Meanwhile, G-band is the signal for graphitic carbon. The broad and
joined D-band and G-band come from a mixture of highly disordered graphene flakes
with a large amount of amorphous carbon. Based on the data from Raman, it is very
obvious, neither monolayer nor multilayer graphene could be formed under these
conditions. Furthermore, the carbon films formed on Cu in that temperature range
were not continuous. Regarding the separation process, the films were totally

dispersed at the surface of the iron nitrate solution and hard to collect and deposit on
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silicon. Even though a protective layer of PMMA was coated onto the Cu foil to hold
them together, the carbon film broke into pieces and dissolved into chlorobenzene
during the PMMA removing stage. This is the reason why Raman spectra were
directly taken from the Cu foil. Cu is a transition metal with a weak ability for
graphitic carbon formation. Under the used conditions, 900 °C and below is a low
temperature range for Cu activation of catalytic decomposition of methane and
carbon restructuration for graphene formation.

Graphene films grew at 950 °C and 1000 °C were continuous and could be
easily separated and deposited onto silicon wafer. The Raman spectra from the 2
corresponding graphene films show a very low ratio,pfid, suggesting that the
films were multilayer graphene. The pronounced D-bands could be due to the
presence of defects in the film. As the temperature is further raised to 1050 °C (just
below the melting point of the Cu, 1085 °C), the Cu foil was partially melted and
balled-up; the surface of the Cu foil being uneven. At the meantime, the thermal
decomposition of methane becoming significant, the quartz tube was covered with a
thick layer of carbon materials meaning that the environment was not suitable for
CVD. Hence, 950 °C-1000 °C is the best range for our study. The blank test and the
calculations carried out in Section 4.1.1 have already showed that the thermal
decomposition of methane is much more favorable around 1000 °C; 950 °C being the
preferred temperature to grow graphene with better quality. 950 °C was thus selected
for the subsequent studies and the effect of growth duration and methane partial

pressure was investigated.

4.2.2 Growth duration
The durations tested were in the range of 1-8 min. The ratio of

methane/hydrogen was fixed at 0.2 with a total flowrate of 100 sccm; the partial
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pressure of methane being of 0.2 atm. Figure 4.5 shows the Raman spectra obtained
from the graphene grown with different durations of CVD reaction. No sample was
obtained for 1-2 min of reaction. The graphene grew with 3 min of reaction was a
small flake (sub-millimeter) but it could be transferred onto silicon wafer. After 4 min

of reaction, a continuous film of graphene could be monitored but its size smaller
than that of the Cu foil. A square film of 5 mm x 5 mm was formed as the growth
duration was increased to 5 min and above. Unfortunately, Raman spectroscopy does
not give evidence of monolayer or bilayer graphene (Figure 4.5); all the spectra
obtained showing very low ratio ofpflg (<0.5). Furthermore, there is no correlation
between the ratio otd/lc and the duration of the reaction. Howeverld is getting

higher with longer growth duration, indicating that the crystallinity of graphene is

improving with longer CVD duration.
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Figure 4.5 Raman spectra of graphitic materials grown on Cun warious CVD
durationsat 950 °C and under 20 sccm of Qtluted into 80 sccm of H

4.2.3 Methane partial pressure.
In current section, based on the results of Sections 4.2.1 and 4.2.2, the
temperature for the CVD was fixed at 950 °C and the duration was kept at 5 min. The

flowrates of methane were 10, 20, 30, 40, 50, 60 and 70 sccm, diluted in the adequate
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amount of hydrogen to maintain a flowrate of 100 sccm; the partial pressure of

methane being thus in the range of 0.1-0.7 atm. The Raman spectra of the samples

formed under these conditions are shown in Figure 4.6. Again, the Raman

spectroscopy does not give any sign of monolayer or bilayer graphene (Figure 4.6).

All the spectra obtained show very lowy/ls (<0.5). Still, there is no correlation

between 4o/l and the duration of reaction. Meanwhilg/l$ is decreasing as the

methane partial pressure applied was 0.6 atm and above. That effect is most probably

due to an enhanced thermal decomposition of methane. The atmosphere inside the

CVD reactor containing more carbon soot which may deposit onto the graphene film

as amorphous carbon. At a methane partial pressure of 0.7 atm or higher, a clear

contamination of black powder-like materials was observed on the wall of the quartz

tube. Furthermore, the D-band is well pronounced. The ratio of methane gas to

hydrogen seems not to be a relevant parameter to control methane decomposition

leading to the formation of monolayer graphene. Since it is not playing a significant

role to form monolayer graphened/ls always lower than 0.5).
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Figure 4.6 Raman spectra of graphitic materials grown on G warious partial
pressure of Ckid The growth duration was fixed at 5 min, and tempeeaivas 950

°C.
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4.2.4 Summary

No sample prepared under the wide range of the operating parameters used on
Cu has showed the sign of the presence of monolayer graphene or bilayer graphene.
Even with wider operating conditions tested by interchanging the operating
parameters, monolayer and bilayer graphene could not be formed. Natural (slow)
cooling was as well tested but without giving any improvement to reduce the number
of layers to monolayer or bilayer graphene. A rapid cooling was applied in an
aforementioned study without any fruitful success. The results are in well agreement
with literature as discussed in Section 2.4.5, since Cu is always described as an ideal
catalyst with a self-limiting mechanism to form graphene predominantly monolayer
under high vacuum (<1 Pa); very low carbon precursor ratio (part per thousand or
ppm) and higher temperature (~1050 °C) being the favorable conditions to grow
monolayer graphene. The objective of the present work being to grow mono- or
bilayer graphene under atmospheric pressure, it was in current study.

Cu is known to induce a surface mediated growth mechanism; methane
dissociating at the surface of Cu is directly utilized for the graphene formation. Under
atmospheric pressure CVD, the relatively high feedstock of carbon precursor
provokes an oversupply of carbon and multilayer graphene are grown. However, the
present study is important for the following work involving the use of Ni-Cu

bimetallic catalyst.

4.3 Graphene formation on polycrystalline Ni foll

It has been shown that Cu is not able to grow monolayer graphene under
atmospheric pressure in our simple quartz tube reactor. In this section, we have
investigated the ability to grow graphene from Ni used as catalyst under atmospheric

pressure using the same reactor. Conventional polycrystalline Ni foil with a thickness
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of 125 um and dimension of 5 mm x 5 mm was used under varmperating
parameters: temperature, duration and partial pressure of methane. Subsequent to the
CVD reaction, the grown graphene samples were easily separated from the Ni foil
using nitric acid with concentration of 0.72 mol/L (3.25 %), and deposited on a
silicon wafer (as described in Section 4.1.2) for preliminary characterization with

Raman spectroscopy.

4.3.1 Temperature

This section mainly reports the effect of temperature on the characteristics of
graphene grown on Ni, the growth duration was fixed at 5 min and the CVD
atmosphere was created by a flow of 20 sccm of methane diluted into 80 sccm of
hydrogen. The temperatures studied were 800, 850, 900, 950 and 1000 °C. A rapid
cooling was applied as for the previous experiments using Cu. Figure 4.7 shows the
Raman spectra of the graphene samples grown on Ni at different temperatures.

At 800 °C, only small flakes of graphene could be found after the Ni foil was
etched away in nitric acid. As temperature was raised to 850 °C, a thin film of
graphene that completely covered the Ni foil used was formed. From the Raman
spectroscopy features, interestingly the intensity of the 2D-band is significantly much
higher than that of the G-band for both graphene obtained at 800 °C and 850 °C;
which is the characteristic of monolayer graphene. For highest temperaglite, |
ratio isseverely reduced to around 1 which could evidence the presence of bilayer
graphene. For 950 °C or abovg/lls ratio is reduced to well below 1, indicating that
the number of graphene layers is above 3, in other words, the graphene obtained was
mainly multilayer graphene.

Uniformity of the number of layers across the graphene sheet was further

investigated by Raman mapping over areas as large as50 50 um. From the
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Raman maps, we extracted the ratio gfl§ and the fwhmp (Figure 4.8). For both
graphene grown at 800 °C and 850 %/]4 is in the range of 1.4 -2.1 (Figure 4.8 (a)

& (c)) and fwhmpis well below 37 cnt (Figure 4.8 (b) & (d)) over the quite large

areas scanned; that means that the formed samples are uniform monolayer graphene.
For the graphene sheet obtained at 900 slare in the range of 1-1.3 (Figure 4.8

(e)) and fwhmp in the range of 41-45 ch(Figure 4.8 (f)) which are both typical

range for bilayer graphene. HRTEM images are in agreement with Raman
spectroscopy showing a very clear single line which strongly indicates that both
graphene sheets obtained at 800 °C (Figure 4.9(a)) and 850 °C (Figure 4.9(b)) are
monolayer in thickness. Bilayer graphene with a double line characteristic was

observed on graphene grown at 900 °C (Figure 4.9 (c)).
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Figure 4.7 Raman spectra of graphitic materials grown on Nivigih various CVD
temperatureat 5 min an under 20 sccm of C#iluted into 80 sccm of H
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Figure 4.8 Raman maps showingplls for graphene grown on Ni at (a) 800 °C, (c)
850 °C and (e) 900 °C and fwh#of graphene grown at (b) 800 °C, (d) 850 °C and (f)
900 °C The growth duration was fixed at 5 min under thevflof 20 sccm ofCH,4
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10 nm

Figure 4.9 HRTEM images of graphene grown on Ni at (a) 800 °C, (b) 850 °C and (c)
900 °C for 5 min under 20 sccm of ¢Hiluted into 80 sccm of H

In summary, 850 °C would be the optimum temperature to form a uniform and
complete sheet of monolayer graphene on Ni under our CVD conditions. Monolayer
graphene could also be formed at 800 °C, but the domain size of graphene was not as
large as that of graphene grown at 850 °C, for which almost the whole surface of Ni is
covered with graphene. At 900 °C, the graphene sheet increases in thickness to
bilayer graphene; some areas are also composed of monolayer and trilayer graphene.

As a result, 850 °C which gives a much more uniform monolayer graphene after CVD
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was selected for the subsequent study on the effect of the CVD duration and the

methane partial pressure.

4.3.2 Growth duration

The durations tested for the CVD reaction were ranging in the 1-8 min.
Temperature was fixed at 850 °C and the methane partial pressure was fixed at 0.2
atm with a total flowrate of 100 sccm. No sample was obtained for 1 or 2 min of
reaction. Under 3 min, very small domains of graphene could be observed floated on
the nitric acid solution. However, the domains were too small for characterization.
Graphene that was strong enough to be handled by hands was obtained with CVD
duration of at least 4 min (Figure 4.10 (left)). The graphene sheet fully covered the Ni

foil used for 5 min of reaction (Figure 4.10 (right)) and with longer durations.

Figure 4.10 Photograph of graphene sheet separated and deposited on a silicon wafer.
Growth conditions: 850 °C, 20 sccm of methane diluted into 80 sccm of hydrogen for
CVD duration of (left) 4 min and (left) 5 min.
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Figure 4.11Raman spectra of graphitic materials grown on Niviath various CVD
durations at 850 °C under 20 sccm of,CHuted into 80 sccm of H

Figure 4.11 shows the Raman spectra of graphene formed at 850 °C with
different durations in the 4-8 min range. Graphene grown under durations of 4 and 5
min at 850 °C show Raman characteristics of monolayer graphefie ¥11.6). Full
coverage of the Ni foil surface could be achieved only from 5 min of reaction. Optical
micrographs of the graphene grown with 4 and 5 min of CVD duration at 850 °C are
shown in Figures 4.12(a) and 4.12(b), respectively. Even if some domains of
multilayer graphene are noticeable as marks localized on the grain boundary and on
few other areas, the sample grown for 4 min (Figure 4.12(a)) is more uniform than
that grown for 5 min (Figure 4.12 (b)). Both graphene sheets are quite uniform in
color contrast, meaning that one type of graphene is mainly formed from the two
experiments. Raman spectroscopy mapping shows that both graphene sheets grown
show the characteristics of monolayer graphene shigk; Is greater than 1.4 and
fwhmypis less than 36 cih(Figure 4.13 (a) & (b) for 4 min of reaction and Figure
4.8 (c) & (d) for 5 min of reaction). HRTEM images, showing one line, are in

agreement with Raman mapping for both samples (Figure 4.14 and Figure 4.9 (b)).
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Figure 4.12 Images of optical microscopy of graphene sheets separated and deposited
onto a silicon wafer. Growth conditions: 850 °C, 20 sccm of methane diluted into 80
sccm of hydrogen for (a) 4 min and (b) 5 min.
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Figure 4.13Raman maps of (a}d/Igcand (b) fwhmp for graphene grown on Ni at
850 °C for 4 min under 20 sccm of ¢#iluted into 80 sccm of #

Figure 4.14HRTEM image of graphene grown on Ni foil 880 °C for 4 min under
20 sccm ofCH,4 and 80 sccm of &
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The study was extended to temperature of 800 °C to investigate the
experimental range for monolayer graphene formation. Under these experimental
conditions, graphene is found to cover the foil only partly for 5 and 6 min of reaction
and completely after 7 min of reaction (Figure 4.15). The corresponding Raman
spectra seem to show that all the graphene sheets grown at 800 °C for 5-7 min have
the characteristics of monolayer graphene (Figure 4.16), but these results are not
consistent with the optical microscopy observations. For 5 and 6 min of reaction, a
uniform contrast of color is observable (Figure 4.17 (a) & (b)), indicating the good
uniformity of the grown graphene. Raman mapping shows uniform monolayer
graphene for both samples (Figure 4.8 (a) & (b) & 4.19 (a) & (b)); which was also
confirmed by HRTEM with a very clear characteristic single line (Figure 4.9 (a) &
Figure 4.18). As the growth duration is extended to 7 min optical microscopy image
is less uniform due to the presence of multilayer graphene (Figure 4.17 (c)). Higher
duration of CVD leads to larger domain of graphene, but the uniformity of graphene
was deteriorated. Raman mapping investigation shows that the graphene grown for 6
min has a uniform feature of monolayer graphene, i#lclgreater than 1.5 and
fwhmyp less than 35 cih(Figure 4.19 (a) & (b)). In the case of the growth for 7 min,
the range of sb/lg and fwhmp are getting wider, 0.7 <d/lc< 2.1 and 32 chh<
fwhmyp < 60 cm' (Figure 4.19 (c) & (d)) in agreement with the non-uniformity in
layer distribution suspected from optical micrographs (Figure 4.17 (c)). Hence, 800 °
C of CVD reaction was not suitable to form large area of graphene without
compromising the uniformity of graphene. 850 °C with duration of 5 min was
selected as optimized operating conditions to study the effect of methane partial

pressure.
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Figure 4.15 Photograph of graphene sheets separated and deposited onto a silicon
wafer. Growth conditions: 800 °C, 20 sccm of methane diluted into 80 sccm of
hydrogen for (left) 5 min (center), 6 min and (left) 7 min.
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Figure 4.16Raman spectra of graphitic materials grown on Niviath various CVD
durations at 800 °C under 20 sccm of,@Huted into 80 sccm of
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Figure 4.17 Micrographs of the graphene sheets separated and deposited onto a
silicon wafer. Growth conditions: 800 °C, 20 sccm of methane diluted into 80 sccm of
hydrogen for (a) 5 min (b) 6 min and (c) 7 min.

Figure 4.18 TypicaHRTEM image of graphene grown on Ni foil at 800 °C for 6 min
under 20 sccm of CiHdiluted into 80 sccm of #H
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Figure 4.19 Raman maps o/l for graphene grown on Ni at (a) 6 min and (c) 7
min of reaction and fwhpa map of graphene grown for (b) 6 min and (d) 7 min at
800 °C under of 20 sccm of GHdiluted into 80 sccm of H
4.3.3 Methane patrtial pressure

In current section, methane partial pressure was varied and temperature for the
CVD reaction was fixed at 850 °C and duration at 5 min. The total flow of the
mixture methane/hydrogen was fixed at 100 sccm. The flowrate of methane studies
were 10, 20, 30, 40, 50 and 60 sccm, diluted in the adequate amount of hydrogen;
methane partial pressure ranges in 0.1-0.6 atm. The Raman spectra of the samples
prepared by varying the methane partial pressure are shown in Figure 4.20.

Raman spectroscopy spectra of the grown graphene for the methane partial
pressure in the 0.1-0.3 atm show the characteristics usually attributed to monolayer
graphene. The Intensity of 2D-bands are higher than G-bands, furthermore, the D-

bands are very weak in intensity. However, only the graphene samples grown under
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methane partial pressure of 0.2 and 0.3 atm (Figure 4.21 (center) & (right)) were large
enough to cover the whole surface of the Ni foil. Graphene formed with 0.1 atm of
methane partial pressure was composed with several flakes (Figure 4.21 (left)).
Referring to optical microscopy, a very obvious trend observed: uniformity of the
samples is decreasing as the gas mixture is enriched in methane (Figure 4.22) and the
grain boundaries become noticeable. However, the area of monolayer graphene
remains quite large and this is the major graphene type in the samples. Generally, the
higher the methane partial pressure; the thicker the graphene formed. Methane partial
pressure of 0.4 atm and above giviaglklower than 1 signals graphene with more

than 2 layers.
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Figure 4.20 Raman spectra of graphitic materials grown on Ni ¥ath various
partial pressure of Cfat 850 °C and for 5 min.
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Figure 4.21 Photograph of graphene sheets separated and deposited onto a silicon
wafer. Growth conditions: 850 °C for 5 min with various methane partial pressure of
(left) 0.1 atm, (center) 0.2 atm and (right) 0.3 atm.

Figure 4.22 Micrographs of the graphene sheets grown at 850 °C for 5 min and under
methane partial pressure of (a) 0.1 atm, (b) 0.2 atm, (c ) 0.3 atm and (d) 0.4 atm after
separation and deposition onto silicon wafer.
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4.3.4 Discussion

Ni is losing its attractiveness as the catalyst for monolayer graphene formation.
Ni has relatively higher carbon solubility as compared to that of Cu (Shu et al., 2012).
During the cooling process after the growth stage, relatively large amount of carbon
segregates out from Ni which leads to form multilayer graphene. For this reason, Cu
is often preferred in the field of graphene CVD research due to the favored formation
of monolayer graphene with the utilization of high vacuum and low carbon precursor
feeding. In current research, monolayer graphene formation could be evidenced as Ni
was used as catalyst with the assist of fast cooling, meanwhile Cu was no able to

grow monolayer graphene under wide range of operating parameters tested.
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Figure 4.23 Phase diagram of nickel-carbon (left) and copper-carbon (right) bulk
system.

According to the reported growth mechanism on Ni, methane gas adsorbed
decomposes at the surface on Ni, while the carbon atoms from methane dilute into the
Ni foil. Referring to the Ni-C phase diagram (Figure 4.23 (left)), carbon solubility in
bulk Ni increases with increasing temperature. The excess diluted carbon allows the

formation of solid graphitic materials, such as graphene or graphite. In another
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circumstance, the cooling process after the CVD reaction also involves the process of
discarding the excess of diluted carbon atoms, namely segregation. Referring to
Figure 4.23, as temperature decreased, the excess of diluted carbon dissipates out
from the bulk onto the Ni surface to achieve equilibrium. Segregation is hence much
easier to control to obtain graphene with minimum number of layers. Comparing with
Cu, the carbon solubility is much lower compared with that of Ni (Figure 4.23), most
of carbon activity is only restricted on the surface of Cu. Under atmospheric pressure
CVD, the excess supply of carbon to Cu surface is expected to produce graphene with
higher number of layers.

In order to grow monolayer graphene on Ni foil, 2 criteria need to be satisfied.
(1) saturation of diluted carbon atoms in Ni need to be avoided and (2) the amount of
segregated carbon at the surface of Ni during the cooling process needs to be limited
to grow graphene with a minimum number of layers. The dissolved carbon is
commonly lowered either through vacuum CVD, (Tral., 2012) by utilizing low
ratio of carbon precursors under excess of dilution gas, with very thin nickel film as
catalyst (Xuet al., 2011) or by introducing an inhibitor, that could limit the diffusion
rate and solubility of carbon into the system (Weathatupl, 2013). Under these
conditions, carbon atoms can segregate and precipitate at the surface of Ni with the
optimum level and lead to formation of monolayer or bilayer graphene. However,
sophisticated equipment, such as vacuum reactor and high sensitive mass flow
controller are used to create the ideal operating conditions that are commonly used for
Ni-catalysed CVD in order to grow monolayer graphene. In current research, as
already mentioned, the aim is to prepare monolayer graphene using a simple CVD

process that does not require any sophisticated deposition technique: (1) our self-

109



designed CVD reactor, (2) atmospheric pressure, (3) polycrystalline thick catalyst foll
of low prize.

Fast cooling is known to assist formation of monolayer graphene under
ambient pressure CVD. As discussed in Section 3.3.2, the actual strategy to quench
the CVD reaction was to apply a fast displacement of the Ni foil from the heating
zone to room temperature zone. Under calibration, cooling of the Ni foil to 100 °C
was reached in around 1 min. That means that the applied cooling rate was greater
than 700 °C/min: higher than those reported in literature in the range of 10-600
°C.min*(Zhanget al., 2010, Jacobsat al., 2012b, Xwet al, 2011, Kimet al, 2009).

The results obtained with high-speed cooling step were compared to those of
the syntheses that were carried out with slow natural cooling that requires 6-7 hours.
Characterization by Raman spectroscopy shows that only multilayer graphene (not
shown here) could be grown under various operating conditions, which confirms that
fast cooling facilitates the quenching process and reduces the amount of carbon atoms
segregated, a key parameter for the Ni-catalysed reaction. Under fast cooling, only
the carbon atoms situated near the surface have enough time to segregate and form
graphene. Meanwhile, diffusion of carbon atoms in the middle of the Ni foil is highly
inhibited and majority of the carbon atoms remains trapped inside the Ni foil.

Carbon solubility in Ni highly depends on temperature. It is multiplied by
more than 6 (from 0.4 to 2.7 at.%) for temperature increasing from 700 to 1300 °C, a
temperature range that is widely reported to favor various kinds of graphene (Figure
4.23). Our study is focused in the 800-1000 °C range for which the carbon solubility
varies between 0.8 and 1.0 at.%. Since graphene itself is of just one single atomic
thickness (0.34 nm in thickness), this small variation of carbon solubility in bulk Ni

could be responsible in high variation of the number of layers of graphene.
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Another factor correlated to temperature is the carbon diffusion rate within Ni.
From the data shown in Section 4.3.2, the most uniform graphene obtained was found
to be grown at 800 °C and for 5-6 minutes of CVD duration, but the domain was
small and these conditions did not lead to segregate a perfect graphene with the
desired sizes. A graphene sheet with larger size could be obtained as the CVD
reaction duration was further increased to 7 min. However, a significant amount of
multilayer graphene could be also observed in that case. Under relatively low
temperature, the carbon diffusion rate is low. The supply of carbon adatoms was
continuous from the atmosphere inside the reactor whereas the adsorption of methane
is probably more favorable to happen at the Ni boundaries. The boundary of grains
composed with unorganized lattice steps that offer higher affinity of methane; which
induces also a higher carbon concentration located at the grain boundary. Diffusion of
dissolved carbon adatoms later to the center of the Ni foil is driven by the
concentration gradient. 800 °C is relatively low to permit an effective diffusion of
carbon which induces an excessive accumulation of carbon at the Ni surface
especially enhanced near the grain boundary (7 minutes of CVD). Carbon atoms
surplus accumulated near the grain boundary start the precipitation process rather
than the segregation process. A higher temperature (850 °C) provides more energy for
the carbon diffusion and reduces the effect of localized saturation of carbon. For
temperature higher than 850 °C, the carbon solubility seems to become the dominant
parameter and it is difficult to limit the segregation phenomenon to one atomic layer
of carbon throughout the whole surface of Ni.

The carbon concentration is also increased with increasing the period of
exposition of carbon precursor. It was indeed observed that the number of graphene

layers was increased for longer duration of CVD reaction. In literature, the effect of
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methane/hydrogen ratio is also reported to play a significant role in graphene layer
control. As discussed in Section 2.3.4.1, the role of hydrogen is believed to create
methyl radicals or induce amorphous carbon cleaning, but the actual role is still
highly arguable. From the results, the methane/hydrogen ratio does not seem to be a
sensitive parameter to finely control the graphene layer number. Methane partial
pressure in range of 0.1-0.3 atm leads to monolayer graphene and for 0.5 atm of
methane partial, multilayer graphene starts to appear in large area. The methane ratio
utilized in the current study is very high (0.1-0.7) as compared with the reported
operating conditions (for example 0.02 (Tan et2012) or 0.04 (Zhanegt al, 2010)).

It shows that the most vital step to achieve monolayer graphene formation under
atmospheric CVD reaction is the cooling step.

In summary, monolayer graphene could be obtained if a high-speed cooling
step is applied to quench the reaction. In order to get a uniform monolayer graphene,
the saturation of carbon in the bulk of Ni foil is also needed to be prevented. Last but
not least, the diffusion of carbon also requires to be optimized to achieve uniform of
carbon concentration distribution at the surface of the Ni foil. Hence, after the fast
cooling of Ni folil, limited carbon amount could segregate which favours to form
uniform monolayer graphene. However, the main drawback of this simple Ni-
catalysed CVD is the problem of numerous grain boundaries on the surface of
polycrystalline CVD. The graphene segregated near to the grain boundary is
favourably multilayer graphene, even though under optimized conditions. High
selectivity of monolayer graphene could be achieved under single-crystalline Ni
surface. With the purpose to get a much more uniform monolayer graphene by using
polycrystalline catalysts, a new bimetallic catalyst system was designed; it will be

described and discussed in detail in the next section.
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4.4 Graphene formation on a bilayer Ni-Cu catalyst

In Section 4.2, it was found that Cu alone was not suitable for monolayer
graphene formation under our experimental conditions. Monolayer graphene could be
grown as polycrystalline Ni foil was used under optimized operating parameters,
especially very fast cooling. However, carbon concentration is probably too high at
the boundary of the Ni foil which limits the size and the uniformity of monolayer
graphene areas. This is the reason why a new method needed to be utilized to break
the bottleneck of current study.

Cu and Ni could form binary isomorphous alloys for which both metals are
mutually miscible (Waret al., 2012). Some researchers had searched the possibility
of using Cu-Ni alloys to grow graphene with the hope to combine the benefits of Cu
and Ni. Two strategies have been reported to grow graphene from bimetallic catalyst,
either by using layer-by-layer bimetallic catalyst foil (Lieial, 2013, Tyagiet al,

2015) or by using alloy foils (Chest al., 2011, Robinsoet al., 2012). Just 10 wt.%

of Ni in the Ni-Cu alloy is enough to change the surface mediated growth mechanism
of Cu to a bulk mediated growth (Wt al., 2012b). By increasing the composition of

Ni to roughly 30 wt.%, larger domains of monolayer graphene could be obtained
under narrow operating parameters (Cheal, 2011). Monolayer graphene could be
grown on bilayered nanoscaled thin film of Ni/Cu obtained by sputtering under
elevated temperature (Liu &t, 2011d, Waret al, 2012, Wocet al., 2013). However,

the synthesis process is complicated to control because high vacuum and low carbon
precursor/diluting gas is required to grow monolayer graphene.

In the present study, an alternative approach to grow monolayer graphene on a
Ni-Cu bimetallic catalyst was investigated under a simple CVD process. The thick Ni

foil used is here essential to control the carbon diffusion rate during the growth step.
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The proposed mechanism involves a reduced solubility of carbon in Ni induced by
carbon diffusion from a carbon-rich surface to a carbon-lacked surface through bulk
Ni and grain boundary. Monolayer graphene was formed on both surfaces of Ni and
Cu. The robustness of proposed catalytic device allows a further facile separation of
the grown graphene that can be transferred without damaging.

As already mentioned, Ni is known to offer a relatively high carbon solubility
and high carbon diffusion rate in a bulk state. The formation of monolayer graphene
on Ni catalyst is rather difficult under conventional CVD; and multilayer graphene is
more often obtained. It was then proposed an alternative process that involves the
diffusion of carbon adatoms across the Ni film, formation of graphene occurring at
the opposite surface of graphene (Yan et 2011b, Pengt al., 2012b, Xuwet al.,

2011). A carbon-lacked environment is created to reduce the carbon-concentration
and leads to a successful synthesis of graphene with a minimum number of layers.
Moreover, the uniformity of graphene layer was found to be much higher under such
strategy compared with conventional Ni-catalyzed CVD. However, the graphene
grown with this method is normally attached firmly onto the silicon that served as
substrate, which makes it difficult to obtain as free-standing graphene.

To overcome this problem, an alternative technique able to solve the
aforementioned problems by simply wrapping a Cu foil over a Ni foil was tested. The
bicatalyst system is schematized in Figure 3.4. Its 4 main surfaces of interest are
named according to Figure 4.24. The suitability of this developed bilayer catalyst to
form monolayer graphene was investigated with our quartz tube reactor. A wide
range of the operating parameters was tested to find the optimum conditions to form

monolayer graphene and their respective role in graphene formation was studies.
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Figure 4.24 Cross-section view of the used bimetallic catalyst consisting of a Cu foil
wrapping a Ni foil.

4.4.1 Temperature

This section mainly studies the effect of temperature on the characteristics of
the graphene samples grown using our Ni-Cu bilayer catalyst, the growth duration
was fixed at 5 min and 20 sccm of methane diluted into 80 sccm of hydrogen (0.2 atm
partial pressure of methane) were used. The temperatures studied were 850, 900, 950
and 1000 °C. The bilayer catalyst also underwent the fast cooling process as described
in previous experiments (Section 4.2 and 4.3).

After CVD, the 4 surfaces of the catalyst were covered with carbon materials.
Raman spectroscopy results are given in a single plot to give a clear view of the
characteristics of the samples obtained (Figure 4.25). On Cu (both sides), 900 °C and
below did not allow to synthesize graphene; no signal of 2D-band were obtained. At
1050 °C, just below the melting point of Cu (1085 °C), disordered thick graphitic
layers instead of graphenic materials were obtained. At high temperature,
uncontrolled decomposition of methane occurred and the walls of the CVD reactor
were covered with a thick layer of disorder graphitic materials (8eah 2013). At
900 °C, jp/lcwere found to be above 1.4 for the graphene grown at the inner surface
of Ni, but the size of the samples was small. Interestingly, at 950 °C, much larger

domains of graphene that fully covered the catalyst surface were grown on both inner

115



surfaces of Ni and Cu, and the correspondiagid for the both samples are well
above 1.4. Uniformity of the grown graphene samples was further analyzed using

Raman mapping.
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Figure 4.25 Average and standard deviationgfl of graphene film obtained from
graphene films grown on the 4 different surfaces of the CVD device in the
temperature range 850 °C -1000 °C for 5 min.

Figure 4.26 shows the optical micrographs of the graphene grown at 950 °C
for 5 min and separated from both inner surfaces of Ni and Cu. Even if some voids or
wrinkles are visible after transfer, the optical images show a quite uniform color over
all the imaged areas (Figure 4.26 (a) & (b)). For Ni, marks at the grain boundary are
hardly visible. Raman mapping ofpllc and fwhmp corresponding to the two
graphene samples after separation is shown in Figure 4.27. For all of the regions of
graphene, b/lg is higher than 1.4 (Figure 4.27 (a) & (aj)d the fwhrg, of the 2D-
band is below 36 cth(Figure 4.27 (b)) and 37 ¢h(Figure 4.27 (d)) for graphene
grown on Ni and Cu, respectively. HRTEM observations were randomly carried out

at the edges of the graphene sheet. A clear single straight line is visibly monitored for
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both graphene samples grown at the inner surfaces of Ni (Figure 4.28 (a)) and Cu
(Figure 4.28 (b)).

To conclude, results from Raman mapping and HRTEM show that monolayer
graphene with high uniformity and good crystallinity could be formed using the
proposed bi-metallic system at the inner surfaces of Cu and Ni. For the subsequent
experiments, 950 °C was thus selected and the effect of the growth duration and the

methane partial pressure were investigated.

Figure 4.26 Micrographs of graphene grown at 950 °C for 5 min at the inner surfaces
of (a) Ni and (b) Cu after transfer on silicon wafer (methane partial pressure 0.2 atm).
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Figure 4.27 Raman maps ofdllg for graphene grown on (a) Ni and (b) Cu, and
fwhm;p for (c) Ni and (d) Cu at 950 °C for 5 min. The color gradient bar is given on
the right of each map.

Figure 4.28 HRTEM images of monolayer graphene grown on inner surface of (a) Ni
and (b) Cu at the edges, after CVD reaction at 950 °C for 5 min.

118



4.4.2 Growth Duration

The temperature of reaction was fixed at 950 °C and 20 sccm of methane
diluted into 80 sccm of hydrogen (methane partial pressure of 0.2 atm) were used as
the duration was varied in the 2-8 min range; fast cooling as aforementioned was used
subsequent to the chosen reaction time. Figure 4.29 summagie®fl the Raman
spectra obtained for graphene materials grown at the 4 surfaces of the Ni/Cu

bimetallic catalyst system.
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Figure 4.29 Average and standard deviation f1 of the graphene films obtained
on the 4 different surfaces of the CVD device at 950 °C and for durations in the 4-8
min range.

For duration of 3 min and below, no graphene formed. The increase of the
duration to 4 min of CVD reaction, graphene could be separated from all 4 surfaces
for Raman spectra obtaining (presence of D-, G- and 2D-band) at both outer and inner
surfaces of Ni and Cu; but only small domains of graphene sheets were formed. The 4
surfaces were fully covered by graphene after 5 min of reaction, and Raman
spectroscopy evidences monolayer graphene at both inner surfaces of Ni and Cu. For
6 and 7 min of reaction, Raman characteristics of multilayer graphene were obtained.

These results are in agreement with optical microscopy observations showing that the
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color contrast becomes very apparent as the CVD duration is extended to 6 or 7 min,
for both graphene samples obtained at the inner surfaces of Ni and Cu (Figure 4.30
(c-f). The sign of grain boundaries for graphene on Ni are getting larger and more
obvious with longer period of reaction (Figure 4.30 (c) & (e)). One can notice that as
multilayer graphene is obtained on Ni surface (Figure 4.30 (c) & (e)), similar areas of
multilayer graphene were also found on the Cu surface (Figure 4.30 (d) & (f)). It
seems that the graphene that was obtained on the inner surface of Cu has copied the
topography of the graphene grown on the Ni surface, regarding both its uniformity
and its number of layers. For the graphene grown on the inner surface of Cu, voids
were appearing on the graphene film; they are probably caused by some imperfect
contacts between Ni and Cu surface during the pressing for the catalyst preparation.
Graphene that grew on the inner surfaces of Ni and Cu gives the best uniformity
under 4 min of reaction observed by color contrast in optical micrographs (Figure
4.30 (a) & (b)). Raman mapping shows that the whole corresponding graphene sheet
is mainly monolayer graphene (Figure 4.31 (a-d)) wighld >1.4 and fwhrgp <36

cm?). The presence of monolayer graphene is also verified by HRTEM (Figure 4.32).
Even if some marks at grain boundaries tends to appear for 5 min of reaction, the
overall uniformity of the grown monolayer graphene remains good; both graphene
from the inner surfaces of Ni and Cu were continuous large films. 950 °C and 5 min
lead to graphene with largest domain and high selectivity of monolayer graphene; and

these conditions were selected for the subsequent studies.
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Figure 4.30 Micrographs of the graphene materials transfered to silicon wafer after
CVD growth for 4 min on (a) Ni and on (b) Cu; for 6 min on (c) Ni and (d) Cu; and
for 7 min on (e) Ni and (f) Cu.
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Figure 4.31 Raman maps ofdllg for graphene grown on (a) Ni and (b) Cu, and
fwhm;p for (c) Ni and (d) Cu at 950 °C for 4 min. The color gradient bar is given on
the right of each map.

Figure 4.32 HRTEM images of monolayer graphene grown on inner surface of (a) Ni
and (b) Cu at the edges. Growth conditions: 950 °C and 4 min.
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4.4.3 Methane partial pressure

In current section, the temperature for the CVD was fixed at 950 °C and the
duration at 5 min; the total flow of the mixture of methane and hydrogen remaining at
100 sccm, the flowrate of methane was modified and 10, 20, 30, 40, 50 or 60 sccm of
methane was diluted in the adequate amount of hydrogen. The Raman spectra of the

samples prepared are shown in Figure 4.33.
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Figure 4.33 Average and standard deviation fl of the graphene films obtained
at the 4 different surfaces of the CVD device at 950 °C for 5 min, the range of
methane partial pressures being 0.2-0.6 atm.

Figure 4.34Micrographs of graphene grown at the inner surface of (a) Ni and (b) Cu
under methane partial pressure of 0.3 atm, respectively after transfer to silicon wafer
(temperature growth 950 °C and duration 5 min).
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Figure 4.35 Raman maps ofdfls for graphene grown on (a) Ni and (c) Cu, and
fwhm;p for (b) Ni and (d) Cu at 950°C for 5 min, and methane partial pressure of 0.3
atm. The color gradient bar is given on the right of each map.

10 nm

Figure 4.36 HRTEM images of monolayer graphene grown on inner surface of (a) Ni
and (b) Cu at the edges after the CVD reaction done at 950 °C for 5 min with a
methane partial pressure of 0.3 atm.

For the graphene samples grown on both inner swfatdNi and Cu, the

presence of monolayer graphene was evidenced from Raman spectrosgbgy (I
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>1.4) under a methane partial pressure of 0.1 and 0.2 atm (Figure 4.33). Only the
graphene formed at 0.2 atm appears as a continuous film at both inner surfaces of Ni
and Cu. If the methane partial pressure is further increased to 0.3gteydried
within the 0.5-2.0 range, for both inner surfaces of Ni and Cu, meaning that the
graphene grown is composed of areas of monolayer and multilayer graphene
Multilayer graphene were mainly found as the methaemtial pressure applied was
0.4 atm or higher. On the other hand, both outer surfaces of Ni and Cu were covered
with multilayer graphene in the whole range of the methane partial pressure studied.
Relatively uniform graphene materials could be grown on both inner surfaces
of Ni and Cu as the methane partial pressure is of 0.2 atm (Figure 4.26 (a-b)). As the
methane partial pressure was increased to 0.3, the marks of grain boundaries from the
polycrystalline Ni foil become more and more visible (Figure 4.34 (a)). For Cu, the
type of graphene similar to that grown on Ni (Figure 4.34 (b)) was observed again,
confirming the copying effect previously mentioned. Even if some marks at boundary
are visible, large areas of monolayer graphene were grown at 0.3 atm of methane
partial pressure evidenced in Raman maps/ld> 1.4 and fwhmp < 36 cmt)
(Figure 4.35 (a-d)). HRTEM images further confirm the presence of monolayer

graphene grown at 0.3 atm at both inner surfaces of Ni and Cu (Figure 4.36).

4.4.4 Discussion

The results show that the proposed simple approach that mainly involves the
use of a Ni/Cu catalyst facilitates the formation of monolayer graphene. Cu is known
to have a weak carbon solubility and it is indeed a good candidate to insulate carbon
atoms. (Shuet al., 2012) The system uses the properties of Cu in order to
dramatically reduce the carbon content at the inner Ni surface. In order to verify that

the source of carbon near the inner surface of Ni and Cu was not caused by a direct
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leak from the CVD atmosphere, additional control experiment involving silicon,
described in Section 3.3.3, was carried out. Silicon has no carbon solubility and is
catalytically inactive to form graphitic carbon. This is the reason why silicon wafer
was used as a carbon shield for our control experiment. A silicon wafer was first
placed between Cu and Ni (Figure 3.6 (a)) and the sandwiched catalyst was used for
the CVD reaction. No graphene formation could occur on the inner surface of Cu (no
Raman signal) and on both surfaces of Ni, well visible peaks of D-, G- and 2D-bands
indicate the presence of graphene. For the second experiment, the silicon wafer was
placed on the Ni surface so Ni was sandwiched in between Cu and silicon (Figure 3.6
(b)). After the CVD reaction, no carbon materials were grown on Ni. That means that
carbon atoms involving in graphene formation mainly comes through diffusion over
the bulk Ni foil and neither from a leak of gas nor over the Cu foil. Carbon diffusion
was evidenced through the grain boundaries of a Cu foil of 100 nm-thiclet @u

2011) our Cu foil being much thicker (25 um) is probably able to efficiently inhibit
carbon diffusion and access to the inner surface of nickel is completely reduced
through the copper foil.

To further identify the path of carbon diffusion though Ni, characterization of
the Ni foil after the synthesis process was investigated. Since the reaction was
guenched by the use of high-speed cooling, this analysis provides a snapshot of the
state during the reaction. A cross section of the Ni foil was thinned down to around
20 nm (for the position around 90 um from the surface) (Figure 4.37 (a)). Bright field
TEM image (Figure 4.37 (b)) reveals grain boundaries enriched by carbon atoms.
EDS analysis confirms that carbon concentration is higher at the Ni grain boundaries;
C/Ni atomic ratio is higher at the grain boundary compared to that recorded within

the Ni grains (Figure 4.38). Figure 4.37 (c) shows the schematic of the distribution of
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carbon adatoms near the grain boundary at the middle of Ni foil after the CVD

reaction.

Bulk Ni  ©
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Figure 4.37 TEM images of a Ni slice after the CVD reaction at 950 °C and 5 min
with (a) low magnification image of the Ni strip; (b) bright field TEM image in the
area marked by the circle on the image (a); (c) Schematic showing the distribution on
carbon adatoms at the middle of the Ni foil after the CVD reaction; grey areas
indicating the grains of Ni and black dots illustrating the carbon adatoms.
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Figure 4.38 EDS spectra of the cross-section area at the middle of the Ni foil as
shown in Figure 4.37 at the middle of the grain in red at the grain boundary in black;
magnified range from 0-1 keV is inserted at the top left-hand corner.
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The Ni foil selected is a conventional polycrystalline Ni foil. Contrary to
monocrystalline Ni, it is made of grains with irregular sizes and shapes. Diffusion of
carbon adatoms is consequently not uniform towards the Ni foil and it could take
place either through the bulk of the grain and also through the gap in between the
grains, known as grain boundary. The solubility of carbon into bulk Ni at 950 °C is
around 1.0 at.%.(Singleton and Nash, 1989) Diffusion rate of carbon atoms is thus
lower within the Ni grains but it is certainly favored at the grain boundaries.

The carbon concentration gradient between the Ni surface facing carbon-rich
CVD atmosphere (outer surface of Ni) and the carbon lacked region of Ni (inner
surface of Ni) would be the main driving force for carbon diffusion. The carbon
diffusion mechanism is illustrated in Figure 4.39. Carbon adatoms diffuse faster
through the grain boundary, but at the same time, some carbon adatoms are diluted
into the grain due to the concentration gradient (red arrows in Figure 4.39 (a)). The
process allows a good control of the carbon concentration within Ni grains leading to
a uniform carbon distribution over the whole Ni surface. Combined with a post CVD
fast cooling, uniform graphene in term of number of layers is favorably obtained.
Under higher temperature (1030 °C), the diffusion of carbon through the gap between
the grains being increased, the CVD reaction duration applied was intentionally
reduced down to 3 min (Figure 4.39 (b)). No graphene was obtained but instead web-
liked carbon material could be observed (Figure 4.40). The period allowed for the
carbon to dilute within Ni grains was too short and carbon distribution was obviously
non-uniform throughout of the Ni surface. After fast cooling, graphitic material were
segregated at the locations enriched by carbon (grain boundaries) while no carbon

material was formed on the surface far from grain boundary. It was here as well
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confirmed that the grain boundary was the major channel for the carbon supply to the

interface between Ni and Cu.
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Figure 4.39.Pathways of carbon diffusion through the polycrystalline Ni foil at (a)
950 °C and (b) 1030 °C through the grain boundaries of Ni (black arrows) and
through the Ni grains (red arrows).
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Figure 4.40 Optical micrograph of the web-like graphitic carbon grown at the inner
surface of Ni at 1030 °C for 3 min.

Formation of multilayer graphene is usually observed from polycrystalline Ni
in atmospheric pressure CVD. (Reimt al., 2008a, Reinat al, 2009) The
misalignment of the distance of the Ni grains is reported to provide abundant

nucleation sites for graphene to segregate into multilayer graphene. (Zhanhg
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2010) This is the main reason why Ni is normally forsaken to grow graphene. With
our bilayer catalyst system, accumulation of the carbon at grain boundaries is reduced,
inhibiting the excessive carbon segregation and thus enhancing the formation of
monolayer graphene. Multilayer graphene would be more likely to form on Cu due to
the excessive supply of carbon. But, through our strategy, a carbon-lacked
atmosphere is created at the interface of Ni-Cu, and at both outer surfaces of Ni and
Cu have the same behavior than that found in the case of the use of single Ni or Cu
foil is observed. The main carbon supply comes from the contact with Ni. This is the
reason why voids appear on the graphene film formed on the inner surface of Cu
coming from areas where the Ni and Cu were not perfectly pressed.

In summary, by utilizingoilayer bimetallic catalyst through wrapping a Cu
foil over a Ni foil, the supply of carbon adatoms at the interface between Ni and Cu
was managed to be well controlled. Under optimum operating conditions and with the
aid of fast cooling, high quality monolayer graphene could be grown on both inner
surfaces of Ni and Cu under single atmospheric pressure CVD. The graphene that
was grown at the outer surface for both Ni and Cu has the same characteristics that
those of graphene grown on single Ni or Cu under the same operating conditions. The
growth mechanism proposes that the gap between the grains of Ni foil is the main
channel to supply carbon adatoms at the inner surface of Ni. Meanwhile, the contact

between Ni and Cu was the pathway for the carbon supply to the Cu surface.

4.5 Reuse and recycle of catalyst
In the Section 4.1.2, the preliminary study showed that after the separation of
graphene from the Ni foil by using nitric acid (Figure 4.3 (b)), the whole Ni foil

remained after separation. Thus, a series of studies were carried out to investigate the
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possibility of reusing the catalyst to grow graphene in a subsequent CVD reaction
under the same conditions.

Cu is weak in corrosion resistance; it was completely etched away even at
very low concentration of iron nitrate or nitric acid to achieve the graphene separation.
This is the reason why, for the following study devoted to the recycle of catalyst for
graphene CVD growth, Ni instead of Cu was used.

In the preliminary study, the main objective was to minimize the deterioration
imposed to the graphene sheet during the separation, and the catalyst lost was not the
concern. The etching mechanism involves a redox reaction: oxidation of Ni by. HNO
oxidized NF* produced being able to solubilize in the solution and reduction of
hydrogen ions forms hydrogen bubbles that could be clearly seen for high NHO
concentration. Such reaction could be quite aggressive towards graphene which needs
cautious manipulation. Iron nitrate could provide milder conditions that can be
interesting as an alternative process for graphene separation.

Regarding the graphene separation process, our work was focused on 2 main
objectives: (1) limitation of Ni consumption in order to investigate proficiency of
catalyst recycling and (2) avoiding degradation of separated graphene. The Ni foil
applied in current study was 1 cm x 1cm (instead 0.5 cm x 0.5 cm) in dimension to
further prove that the proposed method could be up-scaled to larger area graphene. 3
types of graphene, namely with high selectivity of monolayer graphene, bilayer
graphene and multilayer graphene were prepared by the Ni-catalyzed CVD reaction
for 5 min, under 80 sccm of hydrogen and 20 sccm of methane at 850, 900 and 950

°C, respectively.
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4.5.1 Nitric acid

Nitric acid is known as a strong oxidative acid. Significant amount of bubbles
(as shown in Figure 4.3 (a)) were observed in Hi@nhcentration ranging from 14.4
mol/L (65 %) to 4.80 mol/L (21.6 %) for all the investigated graphene samples.
During the separation process, the greenish solution was enriched figirddiuced
from high amount of Ni oxidized and solubilized. The case of multilayer graphene
was especially complex. As the acid concentration was further reduced to 2.88 mol/L
(13.00 %), the separated graphene was severely damaged. As lower concentrations of
acid were used, the duration until the separation process was complete was very long
(severaldays) and the Ni foil was also etched (same observashown in Figure
4.3 ().

For monolayer and bilayer graphene, the separation conditions could be
optimized. For acid concentrations of 1.80 mol/L (8.13 %), 1.44 mol/L (6.50 %) and
1.20 mol/L (5.42 %), large amount of Ni could be preserved after separation. The
direct observation of the separation process with naked eyes indicates that the process
started from the edges and seems to follow kind of intercalation mechanism. Nitric
acid solution is able to gradually and gently detach the graphene sheet from the edges
to the center of the sample (Figure 4.41 (A})the meantime, graphene being very
light and highly hydrophobic preferentially floats at the solution surface. The sinking
of the Ni foil at the bottom of the solution certainly helps the separation by providing
a gentle force in tearing the graphene from the Ni foil. Bilayer graphene could be
totally separated according to this process (Figure 4.41 (b)), but the edges were
slightly deteriorated.

The concentration of nitric acid plays a very important role to limit both

consumption of the Ni foil and damaging of graphene. Too low acid concentrations
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have to be avoided because the separation process becomes very slow and a long
period of acid exposure induces high damages to the Ni foil that is unable to be
reused as catalyst. The surface of Ni became rough especially at the edges due to the
formation of an oxidized layer. Nitric acid with of concentration of 1.44 mol/L (6.5 %)
was found to be a good compromise for graphene separation and preservation of Ni
substrate and the Ni foil could be used a second time for graphene synthesis. After the
second reaction, the Ni foil was too thin to be able to be handled by hands. The
thickness of the nickel foil after the first separation was of 75 pum (more than 40 % of
Ni loss), and after the polishing process, only 52 um left. The nickel foil was
completely etched away during the second cycle. Furthermore, the overall uniformity
of the grown bilayer graphene at the second cycle was not comparable with that
obtained at the first cycle. The graphene obtained at the second synthesis stage was

full of holes and composed with a lot amount of areas of multilayer graphene.

Figure 4.41 Separation of bilayer graphene from the Ni foil by nitric acid. (a)
Beginning of the process. (b) Completely separated bilayer graphene, the Ni foil is
submerged into nitric acid artde white box helps to locate the separated graphene
floating at the solution surface

In summary, by using nitric acid, none of the condition suitable for an
efficient route leading to the recycle of Ni. Nitric acid is probably too strong as the
oxidation agent for Ni, which forbids an optimization of the experimental conditions
However, from the observations using nitric acid, it becomes clear that the

preservation of the metallic Ni is a key parameter leading to the formation of
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graphene of good quality over the subsequent cycles. Considering that the etching
capability of iron nitrate solution is relatively weak compared with that of nitric acid;
possibility of recycling Ni if iron nitrate solution was applied for graphene separation

was further explored.

4.5.2 Iron nitrate solution

Iron nitrate is the most widely used etchant for the separation of graphene
from Cu, but less on Ni. By referring to the standard potential chart, the redox
reaction of oxidizing Cu by P& has a standard potential as high as +1.11 V, this is
reason why etching Cu by iron nitrate is quite aggressive and Cu could not be
preserved. For oxidation of Ni by £ethe standard potential is of +0.52 V. The
oxidation reaction by P& being less favorable for Ni than for Cu, we focused our
study on the potential reuse of Ni using iron nitrate as separation agent.

3 different types of graphene grown on Ni, namely monolayer, bilayer and
multilayer graphene (for the synthesis conditions see Section 4.5.1) were selected.
The concentration of iron nitrate was varied from 0.1 to 2.0 mol/L.

For the monolayer graphene, optimizing the concentration of iron nitrate was
not successful. The outcome was inconsistent. Sometimes, Ni was totally etched
away, but in certain occasions, the etching process was less rapid but the graphene
film could not be properly detached from Ni. Figure 4.42 shows the nickel foil
thinned by the etchant partially transparent. A large amount of Ni residue remains
trapped between both sheets of monolayer graphene, since only 4 edges of Ni foil
been rubbed with sand paper to remove graphene. Both surfaces were covered with
films of graphene. On the other hand, multilayer graphene was also very difficult to

be separated from Ni whatever the iron nitrate concentration, no obvious detachment
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of graphene could be visually observed, and iron nitrate has no real effect for the

separation.

Figure 4.42 Photograph of the Ni foil covered with monolayer graphene in a solution
of iron nitrate of a concentration of 0.2 mol/L after 2 days.

Separation of bilayer graphene was dissimilar to the behavior observed for
monolayer and multilayer graphene. Iron nitrate with a concentration of 0.50 mol/L
was the most efficient condition for separation. Further increase of the concentration
of iron nitrate solution did not give any significant enhancement for the process and
lower concentration (0.25 mol/L) did not favor the separation process; after several
days, no progress in graphene separation could be observed. Figure 4.43 (a) shows
the process of graphene separation from the Ni foil by iron nitrate (0.50 mol/L). A
“white zone” started to appear at the edges of the foil. Adding to the commonly
observed etching phenomenon by Ni oxidation, the observed white zones seem to
result from intercalation of iron nitrate that could occur in between the Ni surface and
the graphene sheet. The interaction between the bilayer graphene and the Ni surface
was obviously broken as the “white zones” were enlarged with time and eventually
the whole Ni foil became whitish. Meanwhile, the Ni foil sinking applied an
additional driving force to tear the graphene from the Ni foil. The same phenomenon
was observed regardless of how many cycles the Ni foil was used for the CVD stage

and the subsequent bilayer graphene separation. From the study, recycle the Ni foil up
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to 6 times and the graphene samples that were synthesized were shown in Figure 4.43
(b). The size of the graphene sheets obtained was shrinking as the number of cycles
the Ni was increased. Scrubbing the edges of the Ni foil indeed favors the etching
process which becomes more and more aggressive reducing the quality of Ni for the
subsequent CVD reaction. The graphene material synthesized undBraymeswas

mostly bilayered as shown in the HRTEM image (Figure 4.43 (c)).

Figure 4.43 (a) Progress for bilayer graphene separation from Ni in iron nitrate
solution (0.50 mol/L) from left to right; the white box indicating the separated
graphene. (b) Photograph of the six bilayer graphenes after transfer on silicon wafer
(with 1000 A silicon oxide) obtained from their respective cycle, white boxes
indicating the locations of graphene. (c) HRTEM image of the bilayer graphene
separated under the sixth cycle.

Figure 4.44 (a) shows the 6 Raman spectra of graphene from the 6 cycles
processed on Ni under the same CVD reaction conditions and separation using iron
nitrate. From Raman spectroscopy analysis, the intensity of the D-band is very weak
as compared that of the G-band, indicating the high quality of the formed graphene
(Ferrariet al., 2006) even after the separation process. For all 6 spectrag/the |
ratio is in the range of 0.979-1.352 and the fufin the 40-50 cii range, in

agreement with what it is reported for bilayer graphene € ah, 2010b, Penet al.,
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2012b, Yaret al, 2011b). Uniformity of the grown graphene was further investigated

by Raman mapping that was carried out for the graphene prepared under the sixth
cycle (Figure 4.44 (b) & (c)). Over the 5dm x 50 um scanned, 2b/lg ranges
between 1.03 and 1.35 and fwiyrbetween 43 and 46 ¢ suggesting a good
uniformity of the graphene type (bilayer), which is almost identical for the graphene
obtained at the first cycle (Figure 4.8 (e-f)). The graphene sheets obtained after
different cycles of reaction and separation are of bilayer type of good crystallinity and
uniformity meaning that the characteristics of the synthesized graphene do not depend
on the cycle. The quality of Ni especially its surface could be well preserved by the
used conditions of the separation process. The following discussion part could give

some comments regarding this particular aspect.
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Figure 4.44 (a) Raman spectra for six bilayer graphene samples after separation from
Ni foil and transfer onto a silicon/silicon oxide waf@aman maps of (b) fwhix
and (c) jp/l of the bilayer graphene grown under the sixth cycle.
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4.5.3 Discussion

To go further in the understanding of the mechanisms involved in the
graphene separation using iron nitrate that allows an efficient way for Ni recycling,
characterization was carried out on the Ni foil that was used for the CVD reactions
XRD patterns of the Ni foil after the first cycle of the CVD growth for the 3 graphene
types are shown in Figure 4.45. As expected, the Ni(200) peak around 51.5° was
highly pronounced. The range of 40°-52° was intentionally magnified to visualize the
less pronounced peaks around 46.3° and 49.1°, they can be well assigned to the (110)
and (006) peaks of rhombohedrak®li Even if a quantitative analysis is not possible,
under the same XRD recording conditions, the peak g€ Mecomes less and less
pronounced as the nickel foil was used for the growth of multilayer graphene (Figure
4.45 (red)), bilayer (Figure 4.45 (blue)) and monolayer graphene (Figure 4.45 (black)).
As expected, NC formation is favored as higher temperature was applied for CVD
to grow graphene with higher number of layerssNis usually known to offer a
good protection against corrosions8iis reported in several patents for its use as an
insulating layer covering Ni in order to inhibit oxidation and other chemical reactions
(Zhanget al., 2012b, Haset al, 2002, Armstrong, 1982). pC is here believed to be
the key ingredient that allows the reuse of the Ni foil.

The reuse of the Ni foil used to grow monolayer graphene was not possible by
using neither iron nitrate nor nitric acid solution. This can be explained by 2 reasons:

1. Only the four edges of the Ni foil were scrubbed with sand paper. Moreover,

the graphene grown at the unwanted sides was expected to provide some

protection to minimize the loss of Ni. But if the basal plane of monolayer

graphene contains some voids, the iron nitrate solution could seep through

them and enhance attack of Ni
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Figure 4.45 XRD patterns of the nickel foil after CVD growth of (black) monolayer
graphene, (blue) bilayer graphene and (red) multilayer graphene.

2. The amount of NCC at the surface of the Ni foil could be too little and/or its
coverage highly inhomogeneous to provide an effective protection. It is much
easier for iron nitrate to attack Ni. Most of the Ni was etched, but t@ Ni
remained untouched and trapped between the 2 sheets of graphene.

The a of enabling the reuse of Ni foil with multilayer graphene was also
unsuccessful. Graphene is indeed known to strongly interact with Ni due to
hybridization betweem orbitals of graphene and.dstates Ni (Mittendorfeet al,

2011, Dahal and Batzill, 2014). The spacing between the graphene sheet and the Ni
surface is thus reduced and was calculated as low as 2.11 A @ano1997); the
n-band structure of graphene could not be found enfiist few layers of graphene
mounted on Ni (Suret al, 2010a). Ni induces strong modifications of electronic
structure of the graphene layer leading to appearance of an effective magnetic
moment in the graphene layer (Dedkov and Fonin). More layers of graphene means
higher degree of hybridization between therbitals of graphene and the dtates of

Ni, making the iron nitrate harder to intercalate between Ni and graphene.
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Furthermore, the graphene layer grown at the other side of Ni (along with a huge
amount of N4C) reduces the accessibility of iron nitrate to Ni. Hence the etching of
Ni by iron nitrate becomes insufficient resulting in the observed failed separation for
multilayer graphene.

On the contrary, the separation of bilayer graphene was successful. In fact, the
graphene shows a higher selectivity of bilayer graphene even if monolayer, and
multilayer graphene could also been noticed (by TEM observations and Raman
mapping). The surface of the Ni foil after separation using nitric acid is obviously
different from the original Ni foil and from that after separation by the iron nitrate
solution. The long period exposed to acid favors the formation of an oxidized layer.
On the contrary, the surface of the Ni foil seems undamaged after being exposed to
iron nitrate.

Figure 4.46 shows AFM images of the Ni foil surface before and after the
separation process using both nitric acid and iron nitrite. After separation using iron
nitrate, the Ni surface was well preserved and no severe damages are visible (Figure
4.46 (b)), except a few small holes of around 1 pum. For the Ni foil exposed to nitric
acid (Figure 4.46 (c)), the observed surface was highly uneven with a lot of
protrusions. The surface flatness of the Ni foil is important for graphene transfer. If
an untreated/unpolished Ni foil is directly used for the CVD reaction, graphene can
grow but it is highly contaminated; especially, Ni particles deposited on the graphene
surface could be observed by optical microscopy (Figure 4.47). To minimize
contamination on the separated graphene and reduce the roughness of the Ni fall, its
surface was systematically polished with sand paper prior to the growth stage (Figure

4.46(d)).
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Figure 4.46 AFM images for (a) the nickel foil before the CVD reaction, (b) the
nickel foil after CVD reaction and separation with iron nitrate, (c) nickel foil after the
CVD reaction and separation with nitric acid and (d) the nickel foil obtained after the
separation process by the iron nitrate solution and polished with sand paper (800
mesh). The dimensions for all the images are 15 pm x 15 pm.
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Figure 4.47 Optical images of graphene transferred from Ni foil for (a) graphene grown on a
fresh new Ni foil, (b) graphene grown on unpolished Ni foil after separation with iron nitrate
for the preceding graphene growth (c) graphene grown on unpolished Ni foil after separation
with nitric acid for the preceding graphene growth. Areas with gold color are contaminations

by nickel.
Figure 4.48 shows XRD patterns taken from the Ni foil after bilayer graphene

catalysis and, before and after separation with iron nitrate and nitric acid, respectively.

Ni3zC that is doubtless assigned remains almost untouched after the treatment process
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with iron nitrate. N4C becomes however hardly visible as the nitric acid-based

separation process is applied, showing thaCNvas unable to resist to nitric acid

etching.
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Figure 4.48 XRD patterns of the nickel foil after the CVD reaction (red), after the
CVD reaction and graphene separation using iron nitrate (blue) and nitric acid (black).

It has been shown that as the surface of the Ni foil is relatively smooth,
intercalation and mild etching by iron nitrate solution is favoured between graphene
and Ni foil surface. This soft separation process is partly responsible for the graphene
cleanliness. As the Ni surface was exposed to nitric acid, the surface became highly
uneven and full of protrusions resulted from the edges of grains of Ni were visible
(Figure 4.46 (c)). The conventional polycrystalline Ni foil is composed of numerous
grains that are closely bounded. As reported by Zlearad.( 2010), graphitic carbon
could be accumulated in between the grains during the graphene growth stage. The
presence of graphitic carbon probably weakens the interactions between the Ni grains
and changes the way for the etchant to intercalate between the grains. This
phenomenon is emphasized as nitric acid was utilized as etchant. The strong etching

property of nitric acid attacks the surface of the Ni foil vigorously. Besides that,
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graphene usually mitigates the surface morphology of the catalyst. If an individual
grain is over exposed, the interaction with neighbouring grains is weakened leading to
encapsulation of Ni particles by graphitic layers. Graphene is indeed known to
strongly interact with Ni. In that case, interactions between protruded grains and the
foil are expected to be highly reduced. The graphitic layers prevent the encapsulated
particles from being etched, which results in high Ni residue on the transferred
graphene (Figure 4.49 (b)). Encapsulated Ni particles were widely observed under
HRTEM for graphene grown from Ni foil with rough surface (Figure 4.49 (c)). Ni
residue on graphene could be minimized by a simple polishing process applied to the
Ni foil using sand paper. The cleanliness of the transferred graphene could be
preserved as the Ni surface was smoothed under mild polishing conditions. Graphene
separation is hence favoured as illustrated in Figure 4.49 (a) and uniformity of bilayer

graphene could be preserved under various cycles.

(@) (b)

_28me:

Figure 4.49 Schematic illustrating interactions and etching mechanism during the
separation of graphene with (a) a smooth surface and (b) a corrugated surface. The
particles indicating the Ni grains, the black line represents the graphene layer and the
arrows show interacting paths. (c) HRTEM image for encapsulated Ni particles in
graphene grown from Ni with rough surface.
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As already mentioned, acid and aqueous iron solutions are widely used for the
separation of graphene from both Ni and Cu substrates. Normally, the substrates are
etched away complete{§eo et al., 2012, Qi et aR011, Reinat al, 2008a). Indeed,
if pure metal foil is placed into the etchant solution, it is rapidly solubilized even with
weak concentrations. Interestingly, in our study, the etching rate of Ni was
significantly reduced which has allowed the Ni foil to be reused several times. From
the Ni-C phase diagram, the concentration of the diluted carbon adatoms in the bulk
Ni is as low as 0.9 at.% at 900 °C. Under our CVD conditions, the amount of formed
Ni3sC is thereby expected to be small. The presence of a small amounCoivhis
also reported to be formed during (Weatherup e8l11) and after (Son et a2014)
the CVD reaction. However, in most of the studiesCNvas unfortunately unnoticed.

It is believed that the evidencedsNicovering the surface of our Ni foil acts as a
shield from etching by iron nitrate. Some etch pits (depth of around 1 um) that can be
however observed on the surface of Ni foil (Figure 4.46 (b)) show that tQeldNier

is not uniform on the nickel surface. They could provide weak points for the etchant
attack. Meanwhile as stronger etchant like nitric acid was used, this non-uniformed
and thin N3}C was not able to preserve the perfectness of surface of Ni foil. The
presence of NC is vital to inhibit the excessive etching of the Ni foil by mild etchant.
Several conditions are required for the formation of sufficierfCNilt will be
elaborated in the subsequent section.

It is widely accepted that graphene formation follows a bulk-mediated growth
mechanism (Losurdo et al., 2011), whereas the concentration of carbon solubilized in
nickel is relatively high compared with that for the other catalysts. During the CVD
process, the methane gas is catalytically decomposed at the surface of the Ni foil and

the carbon adatoms dissolve within Ni (Figure 4.50 (a)). The nucleation process of
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graphene starts as the carbon concentration has achieved or is above a threshold,
especially during the cooling process (Figure 4.50 (b)). Referring to Ni-C phase
diagram, the carbon solubility in bulk Ni decreases with descending temperature, the
excess of carbon would segregate from Ni upon cooling. Fe, Co and Ni are among
transition metals that are known to easily form carbides after been exposed to
elevated temperature with a carbon source (8eah, 2011b).

The presence of BT is however rarely reported in the area of the Ni-
catalysed CVD for the graphene synthesis. Presencg@fiNcommonly reported at
the surface of core-shell Ni-p@ nanoparticles in CNT samples (Singihal., 2002,
Singhet al, 2003, Panagiotopoul@s al, 2012). The growth conditions of CNTs and
graphene differ especially regarding the control of dissolved carbon adatoms into the
bulk metal catalyst. Large amount of dissolved carbon adatoms is favourable to
increase the vyield of CNT formation. Meanwhile, for graphene synthesis, the
dissolved carbon is commonly lowered either through vacuum CVD ¢Taal,
2012), by utilizing low ratio of carbon precursor to dilution gas, with very thin nickel
film as catalyst (Xuet al, 2011) or by introducing an inhibitor in the system
(Weatherupet al, 2013). Under these conditions, carbon atoms could segregate and
precipitate at the surface of Ni with the optimum level and lead to formation of
monolayer or bilayer graphene. Conversely, in our CVD process, the ratio of carbon
precursor to dilution gas is 0.25, which is much higher as compared to those usually
reported for the growth of monolayer or bilayer graphene, typically 10 times lower.
Under our high carbon precursor concentration, the number of graphene layers was
minimized to two layers by the very fast cooling.

In comparison to other reported works with fast cooling rates in the range of

10-600 °C.mift (Zhanget al., 2010, Jacobsaet al., 2012b, Xtet al., 2011, Kimet
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al., 2009), our average cooling rate is higher (~700 °C'mirast cooling facilitates

the quenching process and reduces the amount of carbon atoms segregated; only the
carbon atoms situated near the surface had enough time to segregate and form
graphene. Meanwhile, diffusion of the carbon situated in the middle of the Ni foil is
highly inhibited. They would eventually formedJ8i, as evidenced by XRD (Figure
4.48). Moreover, the thickness of the used Ni foil is quite thick (125 pum instead of
standard nanometer scale catalyst); leading to increase the amount of carbon atoms
dissolved in nickel. At the same time, the longer diffusion path for the carbon
adatoms certainly assists the trapping of carbon inside the Ni foil (Figure 4.50(c)).
This is the reason why presence of@is more obvious for iron nitrate treated Ni

foil (blue) compared with the spectra before graphene separation (red) in Figure 4.50.

The etching of metallic Ni surface favours exposition gfO\io the surface.

The fast cooling of Ni is the key step to create the necessary conditions for
NisC formation and control the number of layers of the grown graphene. It
subsequenty facilitates the reuse of the catalyst if the right etchant is used for
graphene separation. If the catalyst was cooled down naturally, which took around 6

hours, only multilayer graphene was obtained and we were unable to reuse of catalyst.
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Figure 4.50 Schematic diagram of graphene angCNiormation. (a) At elevated
temperature, methane decomposes at the surface and carbon adatoms dissolute into
Ni foil. (b) Graphene formation by segregation of carbon from Ni above a threshold
during the cooling process. (c) Very rapid cooling: inhibition of carbon diffusion to

the surface of Ni. Red circles indicating hydrogen, meanwhile black circle represent

carbon atoms.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Graphene, a thin film of carbon arranged in & spneycomb lattice of
monoatomic thickness, is one of the popular new materials. It possesses various
magnificent properties not shared by other materials, especially for monolayer
graphene. However, sophisticated equipment is required to produce monolayer
graphene through the CVD process. In this work, a straightforward approach was
proposed to grow monolayer graphene. Conventional Cu foil failed to produce
monolayer graphene under a wide range of operating conditions either with rapid
cooling or natural cooling. Catalytic decomposition of methane was successfully
carried out to produce monolayer graphene on a polycrystalline Ni foil with the assist
of fast post-CVD cooling. Monolayer graphene with good uniformity and selectivity
was grown at 850 °C under methane partial pressure of 0.2 atm (under atmospheric
total pressure) for 5 minutes; however multilayer graphene could be observed mainly
located at the grain boundary.

Interestingly, by utilizinga bilayer bimetallic catalyst by simply wrapping of a
Cu foil over a Ni foil, the supply of carbon adatoms at the Ni/Cu interface could be
advantageously controlled. Monolayer graphene could be grown simultaneously at
950 °C under methane partial pressure of 0.2 atm for 5 minutes. Under optimized
operating conditions and with the aid of a high-speed cooling, a more uniform
monolayer graphene could be grown on both inner surfaces of Ni and Cu under single
atmospheric pressure CVD. The graphene grown at the two outer surfaces Ni and Cu
had the same characteristics than those that could be obtained either on Ni or Cu

under the same operating conditions. The proposed growth mechanism shows that the
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gap between the grains within the Ni foil is certainly the main channel to supply a
controlled amount of carbon adatoms to the inner surface of Ni. Meanwhile, the
contact between Ni and Cu was the pathway for the carbon supply to the Cu surface.
Moreover, the application of rapid cooling was shown to favor the formation
of NisC in the Ni foil. The provoked quenching of graphene segregation process
minimizes the number of layers of graphene formed. At the same time, diffusion of
the carbon dissolved was inhibited and the carbon atoms remained trapped within the
Ni foil which stabilized NiC. NizC is commonly known to offer a good protection
against corrosion. It was indeed reported for its use as an insulating layer covering Ni
in order to inhibit oxidation and other chemical reactionsCNilays a major role for
both graphene cleanliness and catalyst reuse. The preseng€ abNibined with the
use of iron nitrate as soft etchant for the graphene separation process enables to reuse
the Ni foil again up to 6 cycles without causing any deviation on the quality and the
uniformity of bilayer graphene. B is indeed able to limit the etching effect of the
Ni foil. The surface smoothness of the Ni surface is crucial to ensure an efficient
separation of the grown graphene. A corrugated surface results in encapsulation of Ni
particles on the graphene layers and makes the separation incomplete. However, the
reuse of catalyst was only achievable for bilayer graphene grown with high selectivity,
attributed to the presence of high amount of(Nformed. The amount of pl
formed in Ni foil for the CVD reaction the favored the formation of monolayer
graphene was too little to protect the Ni foil. On the other hand, multilayer graphene
that strongly interacts with the Ni surface highly reduce the accessibility of the iron

nitrate solution.
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5.2 Recommendations
The following recommendations are proposed to further improve this research
work for future studies.

1. A smaller quartz tube reactor is recommended in the future. The reactor is very
large compared with the size of the metal foil used for the CVD reaction. Large
guartz tube allows longer period for a homogeneous stabilization of the gas
composition inside the tube. Moreover, it also requires longer time to purge
away the methane after reaction for utterly reaction quenching. Such
inconsistency may cause some variations of characteristic and morphology of as-
grown graphene while identical operating procedures and conditions are

preferred for a control CVD growth.

2. The deposition of graphene film onto silicon wafer was imperfect. During the
deposition process, air and moisture are easily trapped between the graphene
film and the silicon wafer. The corrugated surface of graphene provides a certain
degree of stress and strain to the C-C bonds. The Raman signal mainly comes
from the phonon activity of the C-C bonds which probably distort the phonon
dispersion of the carbon atoms due to the stress and strain imposed onto the C-C
bonds. This is the reason why/lg and fwhmp obtained from monolayer
graphene were distributed in huge range. In future studies, the silicon wafer
could be chemically treated to provide a hydrophobic surface that favors the

graphene deposition with minimizing the stress or strain of C-C bonds.

3. For reusing and recycling the catalyst, the main loss of Ni came from the

polishing process, rather than from the chemical etching for the separation stage.
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Both sides of the Ni foil had to be polished to give a smooth surface prior to the
CVD reaction. The back side of Ni (facing the etchant during the separation
process) was polished as well to remove any remaining graphenic materials. The
cleaning of this surface could be replaced with a plasma treatment to prevent the
encountered excessive lost. Meanwhile the front surface could be polished with a

sand paper of mesh 1200 and above to reduce Ni loss.

. The actual distribution of carbon adatoms within the Ni foil is still unknown.

XRD mapping is recommended in the future in order to better know hg@visli
distributed on the Ni surface, especially if its distribution is related to the grain
boundary and the middle of grain. Furthermore, a more precise depth profile of
Ni foil after CVD could be studied to get a better view of the post-synthesis

carbon adatom distribution.

Methane was the only carbon source used in the present study. High purity
methane is costly and the supply is limited. On the other hand, low cost carbon
sources such as natural gas and liquefied petroleum gas are present abundantly in
Malaysia. The possibility of replacing high purity carbon source by natural gas

or liguefied petroleum gas should be included in the future work.
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INTRODUCTION

Le graphéne est une couche de carbone d’'une épaisseur atomique au sein de laquelle
les atomes de carbone sont hybridés Bepuis sa découverte en 2004, le graphéne devient
'un des sujets les plus importants de la recherche dans le monde. L'attractivité du graphéene
est principalement attribuable a ses propriétés remarquables : meécaniques, optiques,
thermiques et électriques, permettant au graphene d’étre potentiellement utilisé pour diverses
applications. Le graphéne peut étre synthétisé par exfoliation mécanique, réduction de I'oxyde
de graphéne, la sublimation du SiC et le dép6t chimique en phase vapeur (CVD). Parmi ces
techniques, la sublimation du SiC et les méthodes CVD sont deux méthodes prometteuses
pour produire du graphéne monocouche ; et la technique CVD en patrticulier, car elle permet
une séparation facile du graphéne a partir du substrat catalytique nécessaire a sa croissance.
L’objectif général de la thése concerne la préparation de graphéne de facon contrbélée avec
une meéthode de croissance bas-colt. Pour cela, nous avons choisi de travailler a la pression
atmosphériqgue avec des métaux catalytiques polycristallins. Dans ce travail de these, une
attention particuliere a été portée a la caractérisation des échantillons synthétisés afin de
pouvoir apprécier le controle des croissances realisées. Par ailleurs, la synthese de graphene
monocouche qui possede les propriétés et le potentiel d’application les plus élevées a été
investie. Pour cela, dans les conditions utilisées un nouveau dispositif a été développé, il
permet de créer une barriere efficace a I'excés d’apport de carbone a la surface des métaux
utilisés. La derniere partie du travail s’intéresse au probleme récurrent de séparation du
graphéne de son substrat de croissance. La réutilisation du catalyseur pour réaliser plusieurs
croissances de graphéne successives avec la méme feuille métallique a également été étudiée.
Dans ce mémoire succinct, apres une description du graphéne et quelques données

expérimentales, les principaux résultats concernant chacun des aspects abordés seront donnés.
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|. Généralités sur le graphéne

[.1. Structure et propriétés

Le carbone peut présenter plusieurs formes allotropiques (figure 1). Le graphéne est
donc un film mince composé seulement d’atomes de carbone hybrfdés @manisés en
réseau hexagonal. Il s'agit du plus fin cristal connu, qui se trouve a I'état naturel dans le
graphite. Le graphéne a été isolé a l'université de Manchester en 2004 par Sir Andre Geim et

Novoselov Sir Kostya, découverte qui leur valu le prix Nobel de physique en 2010.
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graphite diamond
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Figure 1. Structure de plusieurs allotropes du carbone.

Depuis lors, le graphéne suscite un grand intérét dans le domaine de la recherche, les
premiéres études sur ce matériau fascinent toutes les communautés scientifiques. Le graphéne
a une tres bonne résistance (avec son module d’Young de 1 TPa) et se révéle étre un excellent
conducteur d’électricité. Il posséde une excellente mobilité de porteurs de charge qui dépasse
200 000 cm2.V-1.s-1. Par ailleurs, c’est le meilleur conducteur thermique connu aujourd’hui.

Il peut évacuer 5300 watts par métre et par kelvin & température ambiante. Ses propriétés
optiques sont également tres convoitées puisqu’il transmet 97 % de la lumiére visible. Ces
propriétés font du graphéne, un matériau idéal pour l'industrie électronique en vue de son

utilisation dans de nombreux domaines.
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[.2. Méthodes de synthése et objectifs du travail de these

Dans ces conditions, la synthese de graphene est un domaine trés important. En effet,
le défit actuel est de pouvoir préparer des échantillons de graphéne de facon controlée et dont
la qualité structurale et les caractéristiques morphologiques sont reproductibles. Le contrdle
du nombre de couches est primordiale puisque les propriétés physiques sont largement
affectées des que le nombre de couche est supérieur a 2 et elles sont complétement perdues
pour 3 couches et au-dela.

La méthode de I'exfoliation mécanique utilisée par Novoselov et collaborateurs est
simple et permet d’obtenir du graphéne de tres bonne qualité. Néanmoins, elle n’est pas
adaptée a la production a grande échelle. Les méthodes d’exfoliation chimique consistent a
utiliser un agent chimique qui peut s’intercaler entre les feuillets de graphene du graphite ou
du graphite expansé en voie liquide. La séparation des feuillets est induite apres intercalation
par ultrasons par exemple. Elles permettent d’obtenir un mélanges de plusieurs types de
graphéne (nombre de couches variable souvent jusqu’a plus de 10 couches) en relativement
grande quantité mais la prolongation aux traitements chimiques agressifs et/ou aux ultrasons
induit I'introduction d’une quantité non négligeable de défauts dans le graphene produit. Les
méthodes de croissance épitaxiale a partir du carbure de silicium (SiC) et CVD sont
également trés étudiées parce qu’elles permettent de faire croitre du graphéene possédant un
nombre couche limité, d’'une bonne qualité structurale et sur des dimensions compatibles avec
une intégration dans des composants €électroniques et écrans plats par exemple. La méthode a
partir de SIC présente l'inconvénient de rendre trés difficile la séparation du graphéne
synthétisé du substrat utilisé pour sa croissance. La méthode de synthese CVD qui permet de
faire croitre du graphéne par un mécanisme de dissociation d’'un composé carboné (un
hydrocarbure le plus souvent) sur un catalyseur métallique a montré plusieurs avantages. |l
s’agit d'une méthode flexible puisque les conditions expérimentales (nature du précurseur
carboné et du catalyseur, température, pression, etc..) peuvent étre adaptées aux
caractéristiques du graphéene voulu. Par ailleurs, la séparation du graphene apres sa croissance
peut étre réalisée avec succes c’est-a-dire sans induire d’'endommagement au graphene sépareé.
Afin de limiter le nombre de couches dans le graphene, la synthese est généralement réalisée
sous pression réduite afin de limiter I'apport de carbone a la surface du catalyseur. De plus,
des substrats métalliques monocristallins sont souvent préférées parce qu’ils permettent un

bon contrdle de l'uniformité du graphene obtenu. Ces contraintes de vide et de métaux
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monocristallins impliquent des dispositifs expérimentaux complexes et un colt général de
synthese élevé.

Dans cette thése, nous nous sommes intéressés a la synthése par CVD sous atmosphere
atmosphérique et en utilisant des substrats métalliques polycristallins afin de proposer une

meéthode de synthése du graphene simple et peu codlteuse.

Il. Partie expérimentale

[I.1. Montage expérimental utilisé pour la synthese CVD

Pour la synthése, aprés une purgg (N réacteur placé dans un four tubulaire, le gaz
(mélange CHH,) est introduit (figure 2). La température du four est alors maintenue a la
température voulue. La croissance du graphéne a lieu sur le substrat placé dans une nacelle de
guartz. Le refroidissement rapide est réalisé en déplacant rapidement la nacelle de la zone
chaude du four a I'extérieur du dispositif. La vitesse de refroidissement atteint ainsi plus de
700°C/min.

[

four I
Effluent < I < HACHYN;

four

Zone a température Zone de chauffage
ambiante

Figure 2. Schéma simplifié du dispositif CVD utilisé pour la synthese du graphéne.

I1.2. Techniques expérimentales principales
La caractérisation du graphéne s’intéresse a plusieurs aspects :
- le nombre de couche ;
- la qualité structurale moyenne, présence de défauts dans la structure carbonée sp2 ;
- l'uniformité du nombre de couches et de la qualité structurale sur des dimensions

(relativement) grandes (plusieurs dizaines de microns).
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La microscopie optique permet d’apprécier sur une dimension relativement large
’homogénéité des échantillons de graphene. Un faible contraste d’image garantie une bonne
uniformité du nombre de couches et de I'absence de défauts (rides, fractures). Au contraire,
un contraste apparent indique des échantillons abimés ou avec des inhomogénéités
d’épaisseur.

La microscopie électronique a transmission haute résolution (METHR) est une
technique de choix largement utilisée pour la caractérisation du graphéne notamment parce
gue méme si c'est une technique locale, elle permet de mettre en évidence le nombre de
couches du graphene.

La spectroscopie Raman, soit réalisée en plusieurs points de facon aléatoire soit par
balayage sur plusieurs dizaines de microns sur I'échantillon, est sensible au nombre de
couches de graphene et a sa qualité structurale. De caractére plus ‘macroscopique’, sa

complémentarité avec le METHR est nécessaire.

[1l. Résultats et discussion

[1l.1. Synthése de grapheéne monocouche par CVD a pression atmosphérique

Le cuivre et le nickel sont les 2 catalyseurs les plus communs pour la synthése de
graphéne par CVD. Si I'on se fonde sur les diagrammes de phase des composés massifs, la
solubilité du carbone est significativement plus importante dans le nickel que dans le cuivre.
Les mécanismes de croissance sont différents puisque il a été montré que le mécanisme était a

caractéristique volumique dans le nickel et de surface dans le cas du cuivre (figure 3).

(a) (b)
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®w > >
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Figure 3. Mécanismes de formation du graphéne par (a) le Ni et (b) le Cu.
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Pour la synthese de graphéne sur nickel, il faut utiliser des conditions drastiques pour réduire
I'apport de carbone indispensable pour limiter le nombre de couches. Il est connu que la
croissance de graphéne multicouche est favorisée sur le nickel ; c’est la raison pour laquelle il
a actuellement perdu de son attractivité au profit du cuivre pour la croissance CVD de

graphéne avec un nombre de couches réduit.

Un travail d’optimisation des conditions expérimentales favorables a la croissance de
graphéne par CVD a pression atmosphérique a été réalisé. Les parametres expérimentaux de
durée, de température et de pression partielle de méthane ont été variés sur une large gamme.
En utilisant le cuivre, nous n'avons pas pu obtenir de graphéne dans notre réacteur CVD a
pression atmosphérique. En ce qui concerne le nickel, du graphéne monocouche a pu étre
obtenu apres optimisation des conditions expérimentales et I'utilisation d’un refroidissement
rapide permettant une trempe de la réaction. Les températures utilisées étaient 800, 850, 900,
950 et 1000 °C, la durée de réaction de 1 a 8 min et le flux de méthane de 10, 20, 30, 40, 50 et
60 sccm, dilué dans la quantité adéquate d’hydrogéne pour que sa pression partielle varie
entre 0,1 et 0,6 atm. Dans ce mémoire succinct, nous avons choisi de présenter les résultats
obtenus en fonction de la pression partielle pour une température fixée a 850°C et une durée
de réaction de 5 min. Les spectres de spectroscopie Raman sont présentés figure 4.

Mermalized Inlensity (o.0.)

1500 2500 3000

Ramar shift (cor’)

Figure 4. Spectres Raman des échantillons de graphene synthétisés a 850°C pour une durée de

5 min pour des pressions partielles de méthane variable de 0,1 a 0,6 atm.
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Entre 0,1 et 0,3 atm de méthane, la croissance donne lieu & du graphéne monocouche.
L’intensité de bande 2D est plus importante que celle de la bande G et le raphosidne

la présence de graphene monocouche. Néanmoins, a 0,1 atm le graphéne ne couvrait pas
totalement la feuille de nickel. C’est seulement a 0,2 et 0,3 atm de méthane que le graphéne
en couvrait toute la surface. A partir de 0,4 atm, la bande G devient plus importante et du

graphéne contenant plus de 2 couches a été synthétise.

Figure 5. Images de microscopie optique des échantillons de graphéne synthétisés a 850°C
pendant 5 min avec une pression partielle de méthane de (a) 0,1 atm, (b) 0,2 atm, (c) 0,3 atm,
(d) 0,4 atm.

L’'observation des images de microscopie optique (figure 5) montre que l'uniformité du
graphene devient de moins en moins bonne lorsque la pression partielle de méthane augmente
dans le réacteur. Des zones de contraste (couleur) différent apparaissent de plus en plus
nombreuses lorsque la quantité de méthane augmente. Cet effet est classiquement rapporté
comme di a I'accumulation de carbone aux joints de grain du nickel polycristallin. C'est la
raison pour laguelle, nous avons modifié le catalyseur pour réduire et homogénéiser I'apport

de carbone a la surface du métal.
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Le systeme de catalyseur utilisé pour la suite ce travail de thése met en ceuvre le nickel
et le cuivre ; il est simplement réalisé en enveloppant une feuille polycristalline de cuivre

autour d’une feuille polycristalline de nickel (figure 6).

Surface B

Surface A (surface externe Cu) (surface interne Cu)

Surface C
(surface interne Ni)

Surface D (surface externe Ni)

Figure 6. Systéme catalytique utilisé pour synthétiser du graphéne monocouche par CVD a
pression atmosphérique.

Les caractérisations par spectroscopie Raman et METHR du graphéne obtenu qui mettent en
évidence le graphéne monocouche sont présentées sur les figures 7 et 8.

—aA— Quter surface of Cu
—&— Inner surface of Cu
—a— |nner surface of Ni

—e— Quter surface of Ni

2.0

1.5 41

<<9 1.0 1

0.54

0.0+ , . , . , . ,
850 900 950 1000

Temperature, (°C)

Figure 7. }p/l calculé a partir des spectres Raman des échantillons de graphéne obtenu sur

les 4 surfaces du catalyseur bimétallique Ni-Cu.
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Figure 8. Images obtenues par METHR du graphéne obtenu sur les surfaces internes (a) du

nickel et (b) du cuivre.

lop/lg est supérieur & 1.4 (figure 7), signature de graphéne monocouche, pour le graphene
obtenu sur les surfaces internes du nickel et du cuivre pour des températures de 900-950°C, la
croissance ayant eu lieu pendant 5 min a 0.2 atm de méthane. La présence de graphéne
monocouche est confirmée par METHR (figure 8) qui montre une bordure avec une seule
ligne.

Le dispositif catalytique utilisé permet de limiter efficacement I'acces du carbone a la
surface interne du nickel grace au cuivre qui joue le role de bouclier. Le mécanisme de
croissance propose que lI'excés de carbone est drainé par les joints de grains du nickel
polycristallin. Par ailleurs, la forte épaisseur de la feuille de nickel induit un gradient moyen
de concentration en carbone, ce qui provoque une force de diffusion du carbone par les grains
eux-mémes, ce qui permet d’homogénéiser I'apport de carbone a la surface interne du nickel
(figure 9, a gauche). Par ailleurs, le carbone présent a linterface nickel-cuivre permet
d’obtenir du graphéne monocouche sur les 2 surfaces internes (celle du nickel et celle du
cuivre). Pour les conditions de température, de durée et de pression partielle de méthane pour
lesquelles I'apport de carbone devient trop important, du graphéne multicouche est obtenu
(figure 9, a droite).
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graphéne Cu graphéne

monocouche multicouche

CH 2 ¢H H

Figure 9. Mécanisme proposé pour la croissance de graphene monocouche avec le dispositif
bi-métallique développé.

Des conditions optimales pour la croissance de graphéne monocouche ont pu étre trouvées
dans le cas d'un réacteur de croissance soumis a une pression atmosphérique et avec des

catalyseurs polycristallins.

[1l.2. Séparation du graphene et recyclage du catalyseur

La séparation du graphéne de la surface du catalyseur qui a été utilisé pour sa
croissance est une question trés importante pour plusieurs raisons. Il a été largement montré
gue le catalyseur métallique a souvent une interaction trés forte avec le graphene. Si bien que
les propriétés et les caractéristigues du graphéne peuvent étre affectées par la présence du
substrat métallique. Sa séparation et dépdt sur des substrats plus neutres est donc nécessaire
pour d’une part pourvoir étudier de facon fiable le graphéne et d’autre part espérer l'intégrer a
des dispositifs pour une utilisation pratique. De nombreuses méthodes ont été développées
pour séparer le graphéne de son catalyseur. La limitation de 'endommagement et de la
contamination du graphéne séparé est au coeur des préoccupations. Un procédé chimique
couramment utilisé consiste a solubiliser compléetement le métal dans une solution d’acide
(acide nitrique par exemple). Dans ce cas, le catalyseur est utilisé une seul fois, ce qui
augmente le colt de production du graphene. Dans ce travail, nous avons utilisé un agent
chimique peu agressif (le nitrate de fer(lll)) afin de pouvoir réutiliser la méme feuille
métallique de nickel plusieurs fois. Le travail d’optimisation a permis de mettre en évidence
limportance de la faible rugosité de la surface du catalyseur ainsi que l'absence de

contamination pour un bon contrbéle des caractéristiques du graphéne obtenu. Alors que la
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séparation en utilisant une solution de nitrate de fer(lll) n'a pas pu étre réalisée avec du
graphene monocouche et multicouche, du graphéne bicouche préparé a pu étre séparé avec
succés sans subir d’endommagement, ni étre contaminé. Apres optimisation de la
concentration de la solution de nitrate de fer afin d’obtenir un détachement du graphéne dans
des délais raisonnables (2 jours) en limitant d’'une part la contamination du graphéne et
d’'autre part la consommation de la feuille de nickel ; cette derniere a pu étre réutilisée 6 fois
sans que les échantillons de graphene obtenu a chaque cycle ne montrent de différence
significative. La figure 10 montre (en haut) la progression de la séparation du graphéene
bicouche dans les conditions utilisées, (en bas, a gauche) les 6 échantillons de graphéne
séparés et déposeés sur des substrats de silicium et (en bas, a droite) une image typique de
METHR du graphene bicouche obtenu a la 6éme croissance. La caractérisation par
spectroscopie Raman permet de confirmer que les échantillons de graphéne produit a chaque
cycle ont des caractéristiques similaires (figure 11).

Figure 10. Progression de la séparation du graphéne bicouche dans la solution de nitrate de
fer(lll) (en haut), les 6 échantillons de graphene sépareés et déposés sur des substrats de
silicium (en bas, a gauche) et image typiqgue de METHR du graphene bicouche obtenu a la
6eme croissance (en bas, a droite).
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Figure 11. Spectres Raman des 6 graphenes synthétisés sur la méme feuille de nickel dans les

mémes conditions.

Les observations visuelles du processus de séparation du graphéne lors de sa mise en présence
avec la solution de nitrate de fer(lll) ont permis de soupg¢onner un phénomeéne d’intercalation
jouant un réle primordial pour séparer le graphéne du nickel et permettre la réutilisation du
nickel. La figure 12 montre les diffractogrammes obtenu par diffraction des rayons X du
nickel apres croissance et aprés séparation, ils mettent en évidence la présence de carbure de

nickel (NisC) qui est rarement observeé lors de la croissance de graphéne.

Ni,C (100) Ni,C (006)
v

i

Intensity (a.u.)

2 Theta, 6 (°)
Figure 12. Diffractogrammes des substrats catalytiques aprés croissance (rouge) et aprés

croissance et séparation en utilisant une solution de nitrate de fer (bleu) et une acide nitrique

(noir).
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Le carbure de nickel est connu pour ses propriétés anti-corrosion. Nous pensons qu’en couche
fine a la surface du nickel, il peut étre a l'origine de sa relativement bonne préservation lors
de l'utilisation du nitrate de fer. Par contre, I'acide nitrique qui est un agent chimique plus fort
peut attaquer Ni3C (figure 12) qui se retrouve largement moins visible qu’apres utilisation de
la solution de nitrate de fer. Par ailleurs, cette couche de carbure de nickel facilite la
séparation du graphéne d’avec la surface de son substrat catalytiqugC lferié joue ainsi

un role important dans la réutilisation de la feuille de nickel. Sa formation est induite par la
trempe de la réaction CVD. En effet, les atomes de carbone se retrouvent piégés en

relativement grande quantité dans le nickel, ce qui permet la formation@¢figure 13).

Figure 13. Mécanisme de formation du graphene et ¢. &) A température, le méthane se

décompose a la surface du catalyseur et les atomes de carbone se solubilisent dans le feuille

de Ni. (b) Formation du graphéne par ségrégation du carbone au-dessus du seuil de solubilité
(c) Trempe: inhibition de la diffusion du carbone a la surface du Ni. L’hydrogéne est en

rouge et le carbone en noir.
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CONCLUSIONS ET PERSPECTIVES

Ce travail de these avait pour objectif de proposer des conditions expérimentales
simples pour réaliser la croissance grapheéne monocouche par CVD sous pression
atmosphérique sur un métal catalytique polycristallin, ce qui permet de diminuer fortement le
colt de synthese du graphéne. Le travail expérimental d’optimisation réalisé sur le cuivre et le
nickel de facon séparé a permis de trouver la gamme dans laquelle les conditions de
température, de durée de réaction et de pression partielle de méthane devaient étre variées.

Alors que sur le Cu, nous n’avons pas pu obtenir du graphéne monocouche dans notre
réacteur CVD, du graphéne monocouche homogene a pu croitre sur le nickel dans des
conditions expérimentales peu contraignantes (par exemple, 850°C, 5 min, 0,2 atm de
méthane). Néanmoins, comme souvent observé sur le nickel, une accumulation de carbone
aux joints de grains de la feuille catalytique conduit a du graphene multicouche. Afin
d’améliorer 'lhomogénéité du graphéne, un nouveau dispositif catalytique a été propose. Il est
simplement constitué de deux feuilles de Cu et de Ni assemblés en bicouche métallique. I
permet de limiter efficacement et d’homogénéiser I'apport de carbone a l'interface Ni/Cu. La
haute uniformité et qualité cristalline du graphéne monocouche obtenu ont été mises en
evidence par les caractérisations réalisées par spectroscopie Raman et METHR.

Dans les conditions utilisées, le refroidissement rapide du catalyseur en fin de synthése
est primordial d’'une part pour obtenir du graphéne monocouche et d’autre part pour faciliter
la séparation du graphene de son substrat métallique. Nous avons montré que le Ni3C formé
lors de la trempe de la réaction afin comme une couche protectrice du nickel et permet un
phénomeéne d'intercalation de l'agent chimique utilisé pour séparer le graphéne. La
réutilisation de la feuille de Ni a pu ainsi étre envisagée pour la synthése de graphéne
bicouche. Elle a pu étre réutilisée 6 fois sans causer d’écart significatif de la qualité et
l'uniformité du graphene bicouche formé. Le;Mliest en effet capable de limiter |'effet de
gravure de la feuille de Ni. Ce travail a donc démontré avec succes que le colt moyen pour
synthétiser du graphéne avec un nombre limité de couches (1 ou 2) de haute qualité de fagon

contr6lée pouvait étre réduit grace a des procédés simples a mettre en ceuvre.
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Abstract

Graphene is a layer of dpybridized carbon atoms with a thickness of only one atom. It
possesses various magnificent properties that are not shared by other materials. To date,
Chemical Vapor Deposition (CVD) is a promising method to produce wafer-scale graphene.
From our study, monolayer graphene was grown directly on polycrystalline Ni foil under simple
atmospheric pressure CVD with the assist of fast cooling. On the other hand, another facile
technique was successful to grow uniform monolayer graphene simultaneously on both
polycrystalline Ni and Cu foils using a Ni-Cu bilayer catalyst. The application of post-CVD fast
cooling encourages the formation of;®iwithin the Ni foil, which subsequently enables the Ni
foil to be reused again up to 6 cycles without causing a huge deviation. This work has
successfully demonstrated a simple, novel and cost effective route to synthesize monolayer
graphene with high quality.

Résumé

Le graphéene est une couche de carbone d’'une épaisseur atomique pour laquelle les
atomes de carbone sont hybridé& $pposséde diverses propriétés remarquables supérieures a
celles des autres matériaux connus. Le dépodt chimique en phase vapeur (CVD) est une méthode
prometteuse pour produire du graphene monocouche. Dans cette étude, du graphene
monocouche a pu étre synthétisé directement sur une feuille de Ni polycristallin par CVD sous
pression atmosphérique a l'aide d'un refroidissement rapide. Par ailleurs, nous proposons une
technique simple pour préparer du graphéne monocouche homogéne dont la croissance est
réalisée simultanément sur deux feuilles de Cu et de Ni assemblés en bicouche métallique.
L’application du refroidissement rapide induit la formation dgCl\Niqui permet de réutiliser la
feuille de Ni jusqu'a 6 fois sans causer d'écart significatif de la qualité et l'uniformité du
graphéne produit. Ce travail a donc démontré avec succes que le colt moyen pour synthétiser
une monocouche de graphéne de haute qualité pouvait étre réduit avec des procédés simples a

mettre en ceuvre.
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